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.
14/000,446 01/26/2016 9245374 67368US004 1096
32692 7590 01/06/2016
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 274 day(s). Any patent to issue from the above-identified application will
include an indication of the adjustment on the front page.

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

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

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

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

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

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

-1- 3SHAPE EXHIBIT 1002
3Shape v. Medit

IR103 (Rev. 10/09)



PART 8 - FEES)Y ERANSMITTAL

Cumplete and send this forny, topether with applcable feets), to: Mall  Mail Stop ISSUE FEE
Commissioner for Patents
P0G, Box 1458
Alexandvia, Virginia 223131458
wr Fux {3?3 12732885

This v shoudd be wsed for taﬂ\.mtﬂﬁﬂ The 1SSUE TRE and PUBL
riher kCJI’{‘t‘S{MBdF‘ o8 dnchnding the Patens, Advance ovders asd selificating nf mainlsaanes
corteeted below or direcied othessise-dn Bhak by (d) speeifving 1 pew vorypondines 3\16;\,
nesifications:

INSTRUCTHONS:
s;pg‘»mgmﬁx‘ Al
tndicated o
mutiglepancs o

A (;f requiced), Blocks & theoush 3 should boe completed where
< witl be mailed 1o the comeat correspondenes address as
Candror () Indicating & sepacate “PEER ADDRESS” for

de of malfing van oaly be ased Yor domestic mailings of the
Trasemsitial, This Sertifiente cantion beuied for any st secompanying

CURRENT CORRESPONTENCE ANURESE (Rofer e Bk 1 s chamgnnd ddessy Eapers Bach additiesal paper, ruch-as an assigamient o Tormad deasing, st
cavie s owar centificase of T OF WAnS USRI,
S LSS Cretificate of Maiting or Transnissdon
- iy | hoveby vertify that this Bees) Teunemirtat is being deposited with {i\e ‘mtn\c
~">M i\,‘\{}VAT IVE PROPERTIES COMPANY States Posial § i o for FRest el il s e

477 sddvesied i § Stop E C dddirss above, of Botng &
P(I} {;(’3?“ [3 zfﬂ*‘.‘ $5137.340 k\a::mm{ed {0 the L ﬁi"i‘('}\ 273 3 onthe date sndicated beltw
M, NN 35133-3477

{Dhepugitors gy

{Sigmumre i

T
i APPLICATION B, ] BRNG DATE i FIRST N AME TNWENTOR ATTORSEY ICOKBENG, ‘ CONTIRMATION NG,
TN 346 ORANAOL James B ddoRisston SISO e
TITLE QR BVENTION: SPACE CARVINGIN 3D DATA ACOUIRITION
i AFPLETYBE ENTITY $TATI | imn AT FRR TR | BREV.PAID 153U ]
seappreavi shanaf RN HEMINTED p3; Y BN £
i ENAMINGR ! ART UNIT i CLASS SUBCLASS l
W u,scm.( NICHOLAS R 2811 34424000
indication of Fes Address” (37 2. Por pristing:an the pateat front page, Hst
i . 13 The nawes of up bn 3 registered patent aitorsey 1
1,.3 & haz 0t sy ﬁ_l\mde%e aidddress {or Changs ol Corvespondesie oragenty-OR altdenativaly,
. atarhed. {33 Thie flaanii: of 4 stwghe firm (having as 4 mesmher 2 N
\«3“?\*« Adderes® radi .umn w ‘e Addreas™ Inddicativn form registered sitorney o awnw and the namesof up e
"W)a\ﬂ»ﬁ 5\ oy (33003 v ity attachied. Use of a Castomer 2 vegistéred pasenl attornigs or agents: If popamedis g
Mumber is reguired. fisted, no neme witk be pesited.
3CASKIGONEE NAME ANMD RESTOENCE A 3 RE FRWTED ON THE PATENT (prnt brivpe)
PLEANE BOYE: Unlevs an gesi W, 50 85 typee date will appeiv on the patont. I an sasidnce i3 icatBed bolow, they docusient. has beu tiled Yot
recardation as sétfonh fn 37 CFY osubetitpre for Sling an-sssigmmens.

&

{4 NAMEOF ASSIGNER ' (Y RESTOENCY

(CIT Y and STATHE QR COUNTRY)
3 INNOVATYIVE PROPERTIRS COMPANY BAINT PAUY, MINNEBOTA

Pleasevheck the appeopriste assigaee culegoey o categories Dol aot 1\&‘ printed on the patent): Ed individus B Conprication or ather private grovp extity L} Ciovemment

i The follnving ey} are subhitted: A Favment of Feelzp{ Mense Hrst renpply sny previowsy paid fupe fee shows shoved
 fssue Tee L3 A cheek s enclosed.
WE Pottication Fee (No small entity discount permithed) E Payinent by crediveasd, Foem PTO-2038 45 attached.
L3 sdvance Order - W of Copies .. . L3P difsctor s hersby anthosteed to chovge the rcqqn—cd feelsy, apy deficiency, aroredits sy

(cmh\ce S e coen od Li‘n\ foesss.

VeI mE, Dyrposit Acvoust Nuwber

5. Change ko Enkily Status (fromesiains indizated shovey

S pplicant certifying miceo esiity Wetus, See 37 CFR 1.29 NQTE: Atsent & valid esstifivation of Misfo Eathy Statuy (see forns FTOVSE/ISA and 1513, isuue
TEr paymestin (e o entify amonnt Wil not bé scvepted at the visk of npplication abandenmeit.

i Applicant asseviing smalf 2oty status, See 3TCPR 12 NOTE! Hthe spplieation was previnusly wndss miicro entity status, cheoking dhis bay will-be wkes
T© be 1 notification of luss of entithement ts micro entity stitos.

[ Apphivant changing to oegular gaidlycounted fre statss, ROTE Checking this boxwil be salen tvbe 2 notificsion of Toss of entidement to smalfor sfes
ennty status, a8 appdicable.

HOTE: Thix form mistbe sieed foceoudatoe with IV CER 138 and £33 Sve 37 CER 14 for siznaturs prgufretiss sad certifientions

Authreized Mgrawre Date

o, : ey T TEA o i . § . sy g 5
Typed orpeinted name___Ranes L. Vietzke Rugistrarion Ne 36708

Paged of 3

PROLARS Part B (0013 Approved-foc use through FOT3 13, OME 06310033 VR, Patent asd Trademark Cifice; US. DEPARTRIERT OF COMMERCE



Electronic Patent Application Fee Transmittal

Application Number: 14000446

Filing Date: 20-Aug-2013

Title of Invention: SPACE CARVING IN 3D DATA ACQUISITION
First Named Inventor/Applicant Name: James H. McQueston

Filer: Lance L. Vietzke/Paula Bick

Attorney Docket Number: 67368US004

Filed as Large Entity

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

Description Fee Code Quantity Amount Sull)j-s'l'g(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

Sub-Total in
UsD($)

Extension-of-Time:

Miscellaneous:

Total in USD ($)

9260




Electronic Acknowledgement Receipt

EFS ID: 24362425
Application Number: 14000446
International Application Number:
Confirmation Number: 1096

Title of Invention:

SPACE CARVING IN 3D DATA ACQUISITION

First Named Inventor/Applicant Name:

James H. McQueston

Customer Number:

32692

Filer:

Lance L. Vietzke/Paula Bick

Filer Authorized By:

Lance L. Vietzke

Attorney Docket Number: 67368US004
Receipt Date: 15-DEC-2015
Filing Date: 20-AUG-2013
Time Stamp: 11:39:19

Application Type:

U.S. National Stage under 35 USC 371

Payment information:

Submitted with Payment

yes

Payment Type Deposit Account
Payment was successfully received in RAM $960

RAM confirmation Number 11037

Deposit Account 133723

Authorized User

VIETZKE, LANCE

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
Charge any Additional Fees required under 37 C.F.R. 1.492 (National application filing, search, and examination fees)

Charge any Additional Fees required under 37 C.F.R. Section 147 (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 CF.R. Section 1.21 (Miscellaneous fees and charges)

File Listing:
Document .. . File Size(Bytes Multi Pages
Document Description File Name ( y i . . 9
Number Message Digest | Part/.zip| (ifappl.)
| Fee_ T ittal_67368U 397832
1 Issue Fee Payment (PTO-85B) ssue_ree_'ransmittal_ no 1
S004.pdf
4251fdc1af259ff37d2f55c970e0874ecesfes]
Warnings:
Information:
30977
2 Fee Worksheet (SB06) fee-info.pdf no 2
f82b8e730bdd4c0f8ced60aaff8al3 1e6cba
ccs
Warnings:
Information:
Total Files Size (in bytes): 428809

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

New 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 11/02/2015
3M INNOVATIVE PROPERTIES COMPANY WILSON, NICHOLAS R
PO BOX 33427
ST. PAUL, MN 55133-3427 | ART UNIT PAPER NUMBER |
2611
DATE MAILED: 11/02/2015
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKETNO. | CONFIRMATION NO.
14/000,446 08/20/2013 James H. McQueston 673638US004 1096

TITLE OF INVENTION: SPACE CARVING IN 3D DATA ACQUISITION

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

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

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

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

HOW TO REPLY TO THIS NOTICE:

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

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

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

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

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 ]70f 3
PTOL-85 (Rev. 02/11)



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

malntenance fee notifications.

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address)

32692 7590 11/0212015
3M INNOVATIVE PROPERTIES COMPANY
PO BOX 33427
ST. PAUL, MN 55133-3427

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

Eapers. Each additional paper, such as an assignment or formal drawing, must
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.
14/000,446 08/20/2013 James H. McQueston 67368US004 1096
TITLE OF INVENTION: SPACE CARVING IN 3D DATA ACQUISITION
| APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE | TOTAL FEE(S) DUE DATE DUE
nonprovisional UNDISCOUNTED $960 $0 $0 $960 02/02/2016
| EXAMINER | ART UNIT | CLASS-SUBCLASS |
WILSON, NICHOLAS R 2611 345-424000

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

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

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

4a. The following fee(s) are submitted: 4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)

[ Issue Fee
[ Publication Fee (No small entity discount permitted)
[ Advance Order - # of Copies

[ 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 CFR 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 284 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 DOCKETNO. | CONFIRMATION NO. |
14/000,446 08/20/2013 James H. McQueston 673638US004 1096
32692 7590 11/02/2015 | EXAMINER |
3M INNOVATIVE PROPERTIES COMPANY WILSON, NICHOLAS R
PO BOX 33427
ST. PAUL, MN 55133-3427 | ART UNIT PAPER NUMBER |

2611

DATE MAILED: 11/02/2015

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

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

Section 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 30f 3
PTOL-85 (Rev. 02/11)



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
of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations
governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive.
Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication
of the application 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 8f a violation or potential violation of law or regulation.



Application No. Applicant(s)
14/000,446 MCQUESTON ET AL.
: IH i i AlA (First Inventor to
Notice of Allowability ﬁf@ﬂ'é"ﬁ(s R. WILSON Qc: 1U i File) Status
No

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY 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.

1. X This communication is responsive to 10/23/2015.
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Case No.: 67368US004

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor: MCQUESTON, J. Art Unit: 2611
Application No.: 14/000,446 Confirmation No.: 1096
Filed: 20 AUG 2013 Examiner: WILSON, N.
Title: SPACE CARVING IN 3D DATA ACQUISITION

AMENDMENT AND REPLY

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

Dear Sir:
In response to the Office Action mailed on July 23, 2015, the applicant requests
reconsideration of this application. Kindly enter the following prior to further consideration of

this application:

Amendments to the Claims begin on page 2 of this paper.

Remarks begin on page 7 of this paper.
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Amendments to the Claims
Please amend the claims according to the following claim listing, which replaces all prior

versions of claims in this application:

1. (Currently amended) A method comprising:

storing a spatial matrix in a memory, the spatial matrix including information for a
plurality of voxels in a mesh of a scan space;

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

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

storing an indication in the spatial matrix for a modified processing of data from the one
of the plurality of voxels, thereby identifying a prohibited volume within the scan space; and

processing a portion of the three-dimensional data that is not in the prohibited volume
according to an unmodified processing and processing a second portion of the three-dimensional

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

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

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

2. (Original) The method of claim 1 wherein identifying the one of the plurality of
voxels includes identifying a plurality of points on a ray between the scanner and the object that

are unoccupied.

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

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

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

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

5. (Canceled)

Page 2 of 9
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6. (Original) The method of claim 1 wherein the modified processing includes omitting
any points in the prohibited volume from a surface mesh of the object created with the three-

dimensional data.

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

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

8. (Original) The method of claim 1 wherein the modified processing includes omitting
any points in the prohibited volume from a high-accuracy refinement of the three-dimensional

data.

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

into voxels having a substantially cubic shape.

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

about 250 microns on each edge.

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

one of the plurality of voxels.

12. (Original) The method of claim 1 wherein the spatial matrix includes a binary flag
for each one of the plurality of voxels that indicates whether processing is permitted or forbidden

for a corresponding volume of the scan space.

13. (Currently amended) A computer program product comprising computer executable
code embodied on a non-transitory computer readable medium that, when executing on one or
more computing devices, performs the steps of:

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

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

Page 3 of 9
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identifying one of the plurality of voxels in the mesh of the scan space that is unoccupied;

storing an indication in the spatial matrix for a modified processing of data from the one
of the plurality of voxels thateontains-the-pont, thereby identifying a prohibited volume within
the scan space; and

processing a portion of the three-dimensional data in the prohibited volume according to
the modified processing and processing a second portion of the three-dimensional data that is not

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

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

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

14. (Original) The computer program product of claim 13 wherein identifying the one of
the plurality of voxels includes identifying a plurality of points on a ray between the scanner and

the object that are unoccupied.

15. (Original) The computer program product of claim 13 further comprising code for
providing a spatial margin of one or more voxels adjacent to a surface of the object for which

processing cannot be prohibited.

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

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

17. (Canceled)

18. (Original) The computer program product of claim 13 wherein the modified
processing includes omitting any points in the prohibited volume from a surface mesh of the

object created with the three-dimensional data.

19.  (Original) The computer program product of claim 18 wherein the mesh divides the
scan space into a spatial grid substantially identical to a second spatial grid used to create the

surface mesh.
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20. (Original) The computer program product of claim 13 wherein the modified
processing includes omitting any points in the prohibited volume from a high-accuracy

refinement of the three-dimensional data.

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

space is subdivided into voxels having a substantially cubic shape.

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

cubic shape measures about 250 microns on each edge.

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

includes more than one of the plurality of voxels.

24. (Original) The computer program product of claim 13 wherein the spatial matrix
includes a binary flag for each one of the plurality of voxels that indicates whether processing is

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

25.  (Currently amended) A system comprising:

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

a memory configured to store a spatial matrix that includes information for a plurality of
voxels in a mesh of [[a]] the scan space; and

a processor configured to identify a point in the scan space that is unoccupied, to store an
indication in the spatial matrix for a modified processing of data from a one of the plurality of
voxels that contains the point, thereby identifying a prohibited volume within the scan space, to
process a portion of the three-dimensional data that is not in the prohibited volume according to
an unmodified processing, and to process a second portion of the three-dimensional data that is

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

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

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

27.  (New) A computer program product comprising computer executable code embodied on
a non-transitory computer readable medium that, when executing on one or more computing
devices, performs the steps of:

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

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

providing a spatial margin of one or more voxels adjacent to a surface of the object for
which processing cannot be prohibited, wherein the spatial margin is a multiple of a standard
deviation of a z-axis measurement for the scanner.

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

storing an indication in the spatial matrix for a modified processing of data from the one
of the plurality of voxels, thereby identifying a prohibited volume within the scan space; and

processing a portion of the three-dimensional data in the prohibited volume according to
the modified processing and processing a second portion of the three-dimensional data that is not

in the prohibited volume according to an unmodified processing.

28. (New) The computer program product of claim 27 wherein the modified processing
includes omitting any points in the prohibited volume from a surface mesh of the object created

with the three-dimensional data.

29. (New) The computer program product of claim 28 wherein the mesh divides the scan
space into a spatial grid substantially identical to a second spatial grid used to create the surface

mesh.
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REMARKS

Status of the Claims
Claims 1, 13 and 25 are amended. Claims 5, 17 and 26 are canceled. New claims 27-29
are added. Claims 1-4, 6-16, 18-25 and 27-29 are presented for examination, with claims 1, 13,

25 and 27 being independent.

Claim Objections

Claims 5 and 17 are objected to for referring to a display of a point “with a decay time”
rather than “for a decay time.” The applicant has canceled these claims and incorporated the
subject matter into independent claims 1 and 13, where the language has been revised as
suggested by the examiner.

Claim 13 is objected to as containing an apparent typographical error. The applicant has
amended claim 13 to remove this language and more closely correspond to the language of claim
1.

Claim 25 is objected to as using an improper antecedent basis, more specifically for
referring to “a scan space” rather than “the scan space” for the second instance of this term in the
claims). The applicant has amended claim 25 to address this informality.

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

The applicant requests reconsideration and withdrawal of the outstanding claim

objections based on the foregoing.

Allowable Subject Matter
The applicant appreciates the indication of allowable subject matter in dependent claims
4,5,16 and 17.
The subject matter of claim 5 (displaying a point for a decay time) has been incorporated
into claims 1, 13 and 25, which should place these claim in condition for allowance.
The subject matter of claim 4 (and intervening claim 3) has been added to the text of

originally-filed claim 1 and presented here as new claim 27. This claim is also believed to be in
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condition for allowance.
The remaining claims depend from an allowable base claim and are likewise believed to
be in condition for allowance. The applicant respectfully requests reconsideration and allowance

of the pending claims.
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Conclusion

In view of the foregoing, the applicant believes that the currently pending claims are in
condition for allowance and respectfully requests a corresponding Notice of Allowance.

The applicant believes that all of the pending claims have been addressed. However, the
absence of a reply to a specific rejection, issue or comment does not signify agreement with or
concession of that rejection, issue or comment. In addition, because the arguments made above
may not be exhaustive, there may be reasons for patentability of any or all pending claims (or
other claims) that have not been expressed.

Nothing in this paper should be construed as intent to concede any issue with regard to
any claim, except as specifically stated in this paper. The amendment of any claim does not
necessarily signify concession of unpatentability of the claim prior to its amendment.

The Director is hereby authorized to charge any fees or to credit any overpayments
associated with this filing to Deposit Account No. 50-4262. If the Examiner believes a telephone
conference would expedite prosecution of this application, please telephone the undersigned at

(617) 916-2658.

Respectfully submitted
STRATEGIC PATENTS, P.C.

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

October 23, 2015
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DETAILED ACTION
1. The present application is being examined under the pre-AlA first to invent
provisions.
CLAIM INTERPRETATION

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

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

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

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

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

information for a plurality of

voxels in a mesh of a scan space,” “scanning means for obtaining three-

dimensional data from an object within the scan

space,” “processing means for identifying a point in the scan space that is
unoccupied ...” has/have been interpreted under 35 U.S.C. 112(f) or pre-AlA 35 U.S.C.
112, sixth paragraph, because it uses/they uses means coupled with functional
language “for storing a spatial matrix that includes information for a plurality of

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

object within the scan
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space,” “for identifying a point in the scan space that is unoccupied ...” without
reciting sufficient structure to achieve the function. Furthermore, means is not preceded
by a structural modifier.

Since the claim limitation(s) invokes 35 U.S.C. 112(f) or pre-AIA 35 U.S.C. 112,
sixth paragraph, claim(s) 26 has/have been interpreted to cover the corresponding
structure described in the specification that achieves the claimed function, and
equivalents thereof.

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

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

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

Storing means The computer 108 may be, for example, a personal computer
or other processing device. In one embodiment, the computer
108 includes a personal computer with a dual 2.8GHz Opteron
central processing unit, 2 gigabytes of random access
memory, a TY AN Thunder KBWE motherboard, and a 250
gigabyte, 10,000 rpm hard drive. See applicant’s specification

as filed paragraph [0030]

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

suitable for capturing images from which a three-dimensional

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

filed paragraph [0025]

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

-33-




Application/Control Number: 14/000,446 Page 4
Art Unit: 2611

or other processing device. In one embodiment, the computer

108 includes a personal computer with a dual 2.8GHz Opteron

central processing unit, 2 gigabytes of random access

memory, a TY AN Thunder KBWE motherboard, and a 250
gigabyte, 10,000 rpm hard drive. See applicant’s specification

as filed paragraph [0030]

in conjunction with a specific algorithm

If applicant wishes to provide further explanation or dispute the examiner’s
interpretation of the corresponding structure, applicant must identify the corresponding
structure with reference to the specification by page and line number, and to the
drawing, if any, by reference characters in response to this Office action.

If applicant does not intend to have the claim limitation(s) treated under 35
U.S.C. 112(f) or pre-AlA 35 U.S.C. 112, sixth paragraph, applicant may amend the
claim(s) so that it/they will clearly not invoke 35 U.S.C. 112(f) or pre-AlA 35 U.S.C. 112,
sixth paragraph, or present a sufficient showing that the claim recites/recite sufficient
structure, material, or acts for performing the claimed function to preclude application of
35 U.S.C. 112(f) or pre-AlA 35 U.S.C. 112, sixth paragraph.

For more information, see MPEP § 2173 et seq. and Supplementary Examination
Guidelines for Determining Compliance With 35 U.S.C. 112 and for Treatment of

Related Issues in Patent Applications, 76 FR 7162, 7167 (Feb. 9, 2011).
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Claim Objections
3. Claims 5 and 17 are objected to because of the following informalities: the
limitation "with a decay time" in line 2 appears to be a typographical error. It appears the
applicant intended to indicate the point is displayed for a decay time (For example, data

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

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

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

4. Claim 13 is objected to because of the following informalities: “that contains the
point” in line 9 appears to be a typographical error which is inconsistent with the rest of
the independent claims. Removal of this language will overcome the objection.
Appropriate correction is required.

5. Claim 25 is objected to because of the following informalities: “a scan space” in
line 4 appears to be a typographical error of “the scan space”. Appropriate correction is
required.

6. Claim 26 is objected to because of the following informalities: “indication in
storing means” in line 7 appears to be a typographical error of “indication in the storing

means”. Appropriate correction is required.
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Claim Rejections - 35 USC § 103
7. In the event the determination of the status of the application as subject to AlA 35
U.S.C. 102 and 103 (or as subject to pre-AlA 35 U.S.C. 102 and 103) is incorrect, any
correction of the statutory basis for the rejection will not be considered a new ground of
rejection if the prior art relied upon, and the rationale supporting the rejection, would be
the same under either status.
8. The following is a quotation of pre-AlA 35 U.S.C. 103(a) which forms the basis

for all obviousness rejections set forth in this Office action:

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

9. This application currently names joint inventors. In considering patentability of the
claims under pre-AlA 35 U.S.C. 103(a), the examiner presumes that the subject matter
of the various claims was commonly owned at the time any inventions covered therein
were made absent any evidence to the contrary. Applicant is advised of the obligation
under 37 CFR 1.56 to point out the inventor and invention dates of each claim that was
not commonly owned at the time a later invention was made in order for the examiner to
consider the applicability of pre-AlA 35 U.S.C. 103(c) and potential pre-AlA 35 U.S.C.
102(e), (f) or (g) prior art under pre-AlA 35 U.S.C. 103(a).

10. Claims 1-3,6, 8, 9, 11, 13-15, 18, 20, 21, 23, 25 and 26 are rejected under pre-
AlIA 35 U.S.C. 103(a) as being unpatentable over Sundaresan et al. (US

2009/0232353)(Hereinafter referred to as Sundaresan) in view of Curless et al. (“A
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Volumetric Method for Building Complex Models from Range Images,” ACM,
1996.)(Hereinafter referred to as Curless).

11.  Regarding claim 1, Sundaresan teaches a method (The present invention further
is related to a completely automated end-to-end markerless motion capture system and
method. See paragraph [0006]) comprising: storing a spatial matrix in a memory,
the spatial matrix including information for a plurality of voxels in a mesh of a
scan space (The human body model estimation algorithm was tested on different
subjects using laser scan data which provide 3-D meshes. Voxels can be computed
from 3-D meshes by determining if points on a regular 3-D grid lie inside the mesh
structure. See paragraph [0188])(Further, the 3-D voxel reconstruction is performed by

adding the arrays for all cameras 1 ... n in block 74 "Add sj. Further, the resulting array

sum obtained in block 74 is thresholded in block 76 "Threshold" to obtain 3D voxels

representation, X, in block 7S "3-D voxels". See paragraph [0116]); obtaining three-

dimensional data from an object within the scan space using a scanner (The
results of the experiments are presented herein on synthetic data sets obtained from
animation models, as well as real data sets obtained both from 3-D laser scans and
multiple cameras. See paragraph [0180]), but is silent to identifying a one of the
plurality of voxels in the mesh that is unoccupied; storing an indication in the
spatial matrix for a modified processing of data from the one of the plurality of
voxels, thereby identifying a prohibited volume within the scan space; and
processing a portion of the three-dimensional data that is not in the prohibited

volume according to an unmodified processing and processing a second portion
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of the three-dimensional data that is in the prohibited volume according to the
modified processing. Curless teaches a way to label voxels as empty (The key to our
algorithm lies in classifying all points in the volume as being in one of three states:
unseen, emply, or near the surface. Holes in the surface are indicated by frontiers
between unseen regions and empty regions (see Figure 6). Surfaces placed at these
frontiers offer a plausible way to plug these holes (dotted in Figure 6). Obtaining this
classification and generating these hole fillers leads to a straight forward extension of
the algorithm described in the previous section: 1. Initialize the voxel space to the
“unseen’” state. 2. Update the voxels near the surface as described in the previous
section. As before, these voxels take on continuous signed distance and weight values.
3. Follow the lines of sight back from the observed surface and mark the corresponding
voxels as “empty”. We refer to this step as space carving. 4. Perform an isosurface
extraction at the zero-crossing of the signed distance function. Additionally, extract a
surface between regions seen to be empty and regions that remain unseen. See page
3086, right col., paragraph 3 and items 1-4). Curless also teaches that there are three
extremal voxel states and there are two types of isosurfaces created based on the
unseen portion or the near the surface portion (In (b), we identify the three extremal
voxel states with their corresponding function values. See figure 6b, Empty, Unseen,
Near surface)( Unseen portions of the surface will appear as holes in the reconstruction.
While this result is an accurate representation of the known surface, the holes are
esthetically unsatisfying and can present a stumbling block to follow on algorithms that

expect continuous meshes. See page 306, left col. section 4 Hole Filling, paragraph
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7)(prohibited volume can be considered unseen and empty and not prohibited volume
can be near surface)(Two different types of Isosurfaces are created, a Hole fill
isosurface and an observed isosurface, see figure 6a)(unmodified processing is creating
the observed isosurface by the near surface voxels, modified processing is the hole
filling surface between the unseen and empty portions essentially removing voxels in
the empty portion and unseen portion to create a surface between the two portions).
Because both Sundaresan and Curless teach of modeling voxels and Curless teaches
that by representing voxels as different states smoothed isosurfaces can be created to
fill holes. Therefore, it would have been obvious to one of ordinary skill in the art at the
time of the invention to combine the system of Sundaresan with the Hole filling
techniques of Curless such that the system could render a smooth aesthetically
pleasing output to the user.

12.  Regarding claim 2, Sundaresan in view of Curless teaches the method of claim
1 wherein identifying the one of the plurality of voxels includes identifying a
plurality of points on a ray between the scanner and the object that are
unoccupied (Curless; Follow the lines of sight back from the observed surface and
mark the corresponding voxels as “empty”. We refer to this step as space carving. See
page 306, right col., item 3. And figure 5).

13.  Regarding claim 3, Sundaresan in view of Curless teaches the method of claim
1 further comprising providing a spatial margin of one or more voxels adjacent to

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

take on continuous signed distance and weight values. See page 306, right col., item 2).
14.  Regarding claim 6, Sundaresan in view of Curless teaches the method of claim
1 wherein the modified processing includes omitting any points in the prohibited

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

(Curless; Additionally, extract a surface between regions seen to be empty and regions

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

15.  Regarding claim 8, Sundaresan in view of Curless teaches the method of claim
1 wherein the modified processing includes omitting any points in the prohibited
volume from a high-accuracy refinement of the three-dimensional data (Curless;

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

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

16.  Regarding claim 9, Sundaresan in view of Curless teaches the method of claim
1 wherein the mesh of the scan space is subdivided into voxels having a
substantially cubic shape (Sundaresan; The human body model estimation algorithm
was tested on different subjects using laser scan data which provide 3-D meshes.
Voxels can be computed from 3-D meshes by determining if points on a regular 3-D grid
lie inside the mesh structure. See paragraph [0188])(Curless; See figure 5, element
voxel).

17.  Regarding claim 11, Sundaresan in view of Curless teaches the method of
claim 1 wherein the prohibited volume includes more than one of the plurality of

voxels (Curless; 1. Initialize the voxel space to the “unseen” state. 2. Update the voxels
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near the surface as described in the previous section. As before, these voxels take on
continuous signed distance and weight values. 3. Follow the lines of sight back from the

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

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

18.  Regarding claim 13, Sundaresan teaches a computer program product
comprising computer executable code embodied on a non-transitory computer
readable medium that, when executing on one or more computing devices,
performs the steps of (The results of data processing are recorded in a memory 18 of
the computer (processor unit) 16, as well they are displayed at a display unit 20 for
observation by a user. The data processor unit operates in accordance with an
algorithm 180 which includes subroutines for processing images to build 3-D voxel
reconstruction, mapping the 3-D voxel structure to the Laplacian Eigenspace,
segmentation and registration of 1-D representations of body parts, model/pose
estimation, and pose tracking. See paragraph [0100]): storing a spatial matrix in a
memory, the spatial matrix storing information for a plurality of voxels in a mesh
of a scan space (The human body model estimation algorithm was tested on different
subjects using laser scan data which provide 3-D meshes. Voxels can be computed
from 3-D meshes by determining if points on a regular 3-D grid lie inside the mesh
structure. See paragraph [0188])(Further, the 3-D voxel reconstruction is performed by

adding the arrays for all cameras 1 ... n in block 74 "Add sj. Further, the resulting array

sum obtained in block 74 is thresholded in block 76 "Threshold" to obtain 3D voxels

representation, X, in block 7S "3-D voxels". See paragraph [0116]); obtaining three-
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dimensional data from an object within the scan space using a scanner (The
results of the experiments are presented herein on synthetic data sets obtained from
animation models, as well as real data sets obtained both from 3-D laser scans and
multiple cameras. See paragraph [0180]), but is silent to identifying one of the
plurality of voxels in the mesh of the scan space that is unoccupied; storing an
indication in the spatial matrix for a modified processing of data from the one of
the plurality of voxels that contains the point, thereby identifying a prohibited
volume within the scan space; and processing a portion of the three-dimensional
data in the prohibited volume according to the modified processing and
processing a second portion of the three-dimensional data that is not in the
prohibited volume according to an unmodified processing. Curless teaches a way
to label voxels as empty (The key to our algorithm lies in classifying all points in the
volume as being in one of three states: unseen, empty, or near the surface. Holes in the
surface are indicated by frontiers between unseen regions and emply regions (see
Figure 6). Surfaces placed at these frontiers offer a plausible way to plug these holes
(dotted in Figure 6). Obtaining this classification and generating these hole fillers leads
to a straight forward extension of the algorithm described in the previous section: 1.
Initialize the voxel space to the “unseen” state. 2. Update the voxels near the surface as
described in the previous section. As before, these voxels take on continuous signed
distance and weight values. 3. Follow the lines of sight back from the observed surface
and mark the corresponding voxels as “empty”. We refer to this step as space carving.

4. Perform an isosurface extraction at the zero-crossing of the signed distance function.
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Additionally, extract a surface between regions seen to be empty and regions that
remain unseen. See page 306, right col., paragraph 3 and items 1-4). Curless also
teaches that there are three extremal voxel states and there are two types of
isosurfaces created based on the unseen portion or the near the surface portion (/n (b),
we identify the three extremal voxel states with their corresponding function values. See
figure 6b, Empty, Unseen, Near surface)( Unseen portions of the surface will appear as
holes in the reconstruction. While this result is an accurate representation of the known
surface, the holes are esthetically unsatisfying and can present a stumbling block to
follow on algorithms that expect continuous meshes. See page 306, left col. section 4
Hole Filling, paragraph 1)(prohibited volume can be considered unseen and empty and
not prohibited volume can be near surface)(Two different types of Isosurfaces are
created, a Hole fill isosurface and an observed isosurface, see figure 6a)(unmodified
processing is creating the observed isosurface by the near surface voxels, modified
processing is the hole filling surface between the unseen and empty portions essentially
removing voxels in the empty portion and unseen portion to create a surface between
the two portions). Because both Sundaresan and Curless teach of modeling voxels and
Curless teaches that by representing voxels as different states smoothed isosurfaces
can be created to fill holes. Therefore, it would have been obvious to one of ordinary
skill in the art at the time of the invention to combine the system of Sundaresan with the
Hole filling techniques of Curless such that the system could render a smooth

aesthetically pleasing output to the user.
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19.  Regarding claim 14, Sundaresan in view of Curless teaches the computer
program product of claim 13 wherein identifying the one of the plurality of voxels
includes identifying a plurality of points on a ray between the scanner and the
object that are unoccupied (Curless; Follow the lines of sight back from the observed
surface and mark the corresponding voxels as “empty”. We refer to this step as space
carving. See page 306, right col., item 3. And figure 5).

20. Regarding claim 15, Sundaresan in view of Curless teaches the computer
program product of claim 13 further comprising code for providing a spatial
margin of one or more voxels adjacent to a surface of the object for which

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

in the previous section. As before, these voxels take on continuous signed distance and
weight values. See page 306, right col., item 2).

21.  Regarding claim 18, Sundaresan in view of Curless teaches the computer
program product of claim 13 wherein the modified processing includes omitting
any points in the prohibited volume from a surface mesh of the object created

with the three-dimensional data (Curless; Additionally, exiract a surface between

regions seen to be emptly and regions that remain unseen. See page 306, right col. ltem

4.).
22.  Regarding claim 20, Sundaresan in view of Curless teaches the computer
program product of claim 13 wherein the modified processing includes omitting

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

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

23.  Regarding claim 21, Sundaresan in view of Curless teaches the computer
program product of claim 13 wherein the mesh of the scan space is subdivided
into voxels having a substantially cubic shape (Sundaresan; The human body
model estimation algorithm was tested on different subjects using laser scan data which
provide 3-D meshes. Voxels can be computed from 3-D meshes by determining if points
on a regular 3-D grid lie inside the mesh structure. See paragraph [0188])(Curless; See
figure 5, element voxel).

24.  Regarding claim 23, Sundaresan in view of Curless teaches the computer
program product of claim 13 wherein the prohibited volume includes more than
one of the plurality of voxels (Curless; 1. Initialize the voxel space to the “unseen”
state. 2. Update the voxels near the surface as described in the previous section. As
before, these voxels take on continuous signed distance and weight values. 3. Follow

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

‘empty”. We refer to this step as space carving. See page 306, right col., items 1-3).
25.  Regarding claim 25, Sundaresan teaches a system (The present invention
further is related to a completely automated end-to-end markerless motion capture
system and method. See paragraph [0006]) comprising: a scanner configured to
obtain three-dimensional data from an object within a scan space (The results of
the experiments are presented herein on synthetic data sets obtained from animation

models, as well as real data sets obtained both from 3-D laser scans and multiple
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cameras. See paragraph [0180]); a memory configured to store a spatial matrix that
includes information for a plurality of voxels in a mesh of the scan space (The
human body model estimation algorithm was tested on different subjects using laser
scan data which provide 3-D meshes. Voxels can be computed from 3-D meshes by
determining if points on a regular 3-D grid lie inside the mesh structure. See paragraph
[0188])(Further, the 3-D voxel reconstruction is performed by adding the arrays for all

cameras 1 ... nin block 74 "Add sj. Further, the resulting array sum obtained in block 74

is thresholded in block 76 "Threshold" to obtain 3D voxels representation, X, in block 7S

"3-D voxels". See paragraph [0116]), but is silent to and a processor configured to
identify a point in the scan space that is unoccupied, to store an indication in the
spatial matrix for a modified processing of data from a one of the plurality of
voxels that contains the point, thereby identifying a prohibited volume within the
scan space, to process a portion of the three-dimensional data that is not in the
prohibited volume according to an unmodified processing, and to process a
second portion of the three-dimensional data that is in the prohibited volume
according to the modified processing. Curless teaches a way to label voxels as
empty (The key to our algorithm lies in classifying all points in the volume as being in
one of three states: unseen, empty, or near the surface. Holes in the surface are
indicated by frontiers between unseen regions and empty regions (see Figure 6).
Surfaces placed at these frontiers offer a plausible way to plug these holes (dotted in
Figure 6). Obtaining this classification and generating these hole fillers leads to a

straight forward extension of the algorithm described in the previous section: 1. Initialize
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the voxel space to the “unseen” state. 2. Update the voxels near the surface as
described in the previous section. As before, these voxels take on continuous signed
distance and weight values. 3. Follow the lines of sight back from the observed surface
and mark the corresponding voxels as “empty”. We refer to this step as space carving.
4. Perform an isosurface extraction at the zero-crossing of the signed distance function.
Additionally, extract a surface between regions seen to be empty and regions that
remain unseen. See page 306, right col., paragraph 3 and items 1-4). Curless also
teaches that there are three extremal voxel states and there are two types of
isosurfaces created based on the unseen portion or the near the surface portion (/n (b),
we identify the three extremal voxel states with their corresponding function values. See
figure 6b, Empty, Unseen, Near surface)( Unseen portions of the surface will appear as
holes in the reconstruction. While this result is an accurate representation of the known
surface, the holes are esthetically unsatisfying and can present a stumbling block to
follow on algorithms that expect continuous meshes. See page 306, left col. section 4
Hole Filling, paragraph 1)(prohibited volume can be considered unseen and empty and
not prohibited volume can be near surface)(Two different types of Isosurfaces are
created, a Hole fill isosurface and an observed isosurface, see figure 6a)(unmodified
processing is creating the observed isosurface by the near surface voxels, modified
processing is the hole filling surface between the unseen and empty portions essentially
removing voxels in the empty portion and unseen portion to create a surface between
the two portions). Because both Sundaresan and Curless teach of modeling voxels and

Curless teaches that by representing voxels as different states smoothed isosurfaces
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can be created to fill holes. Therefore, it would have been obvious to one of ordinary
skill in the art at the time of the invention to combine the system of Sundaresan with the
Hole filling techniques of Curless such that the system could render a smooth
aesthetically pleasing output to the user.

26. Regarding claim 26, Sundaresan teaches A system (The present invention
further is related to a completely automated end-to-end markerless motion capture
system and method. See paragraph [0006]) comprising: storing means (The results
of data processing are recorded in a memory 18 of the computer (processor unit) 16, as
well they are displayed at a display unit 20 for observation by a user. The data
processor unit operates in accordance with an algorithm 180 which includes subroutines
for processing images to build 3-D voxel reconstruction, mapping the 3-D voxel
structure to the Laplacian Eigenspace, segmentation and registration of 1-D
representations of body parts, model/pose estimation, and pose tracking. See
paragraph [0100]) for storing a spatial matrix that includes information for a
plurality of voxels in a mesh of a scan space (The human body model estimation
algorithm was tested on different subjects using laser scan data which provide 3-D
meshes. Voxels can be computed from 3-D meshes by determining if points on a
regular 3-D grid lie inside the mesh structure. See paragraph [0188])Further, the 3-D
voxel reconstruction is performed by adding the arrays for all cameras 1 ... n in block 74

"Add sj. Further, the resulting array sum obtained in block 74 is thresholded in block 76

"Threshold" to obtain 3D voxels representation, X, in block 7S "3-D voxels". See

paragraph [0116]); scanning means for obtaining three-dimensional data from an
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object within the scan space (The results of the experiments are presented herein on
synthetic data sets oblained from animation models, as well as real data sets obtained
both from 3-D laser scans and multiple cameras. See paragraph [0180)), but is silent to
and processing means for identifying a point in the scan space that is
unoccupied, storing an indication in storing means for a modified processing of
data from a one of the plurality of voxels that contains the point, thereby
identifying a prohibited volume within the scan space, processing a portion of the
three-dimensional data that is not in the prohibited volume according to an
unmodified processing and processing a second portion of the three-dimensional
data that is in the prohibited volume according to the modified processing.
Curless teaches a way to label voxels as empty ( The key to our algorithm lies in
classifying all points in the volume as being in one of three states: unseen, emplty, or
near the surface. Holes in the surface are indicated by frontiers between unseen
regions and empty regions (see Figure 6). Surfaces placed at these frontiers offer a
plausible way to plug these holes (dotted in Figure 6). Obtaining this classification and
generating these hole fillers leads to a straight forward extension of the algorithm
described in the previous section: 1. Initialize the voxel space to the “unseen” state. 2.
Update the voxels near the surface as described in the previous section. As before,
these voxels take on continuous signed distance and weight values. 3. Follow the lines
of sight back from the observed surface and mark the corresponding voxels as “empty’.
We refer to this step as space carving. 4. Perform an isosurface extraction at the zero-

crossing of the signed distance function. Additionally, exiract a surface between regions
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seen to be emply and regions that remain unseen. See page 306, right col., paragraph
3 and items 1-4). Curless also teaches that there are three extremal voxel states and
there are two types of isosurfaces created based on the unseen portion or the near the
surface portion (/n (b), we identify the three extremal voxel states with their
corresponding function values. See figure 6b, Empty, Unseen, Near surface)( Unseen
portions of the surface will appear as holes in the reconstruction. While this result is an
accurate representation of the known surface, the holes are esthetically unsatisfying
and can present a stumbling block to follow on algorithms that expect continuous
meshes. See page 306, left col. section 4 Hole Filling, paragraph 1)(prohibited volume
can be considered unseen and empty and not prohibited volume can be near
surface)(Two different types of Isosurfaces are created, a Hole fill isosurface and an
observed isosurface, see figure 6a)(unmodified processing is creating the observed
isosurface by the near surface voxels, modified processing is the hole filling surface
between the unseen and empty portions essentially removing voxels in the empty
portion and unseen portion to create a surface between the two portions). Because both
Sundaresan and Curless teach of modeling voxels and Curless teaches that by
representing voxels as different states smoothed isosurfaces can be created to fill
holes. Therefore, it would have been obvious to one of ordinary skill in the art at the
time of the invention to combine the system of Sundaresan with the Hole filling
techniques of Curless such that the system could render a smooth aesthetically

pleasing output to the user.
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27. Claims 7 and 19 are rejected under pre-AlA 35 U.S.C. 103(a) as being
unpatentable over Sundaresan et al. (US 2009/0232353)(Hereinafter referred to as
Sundaresan) in view of Curless et al. (“A Volumetric Method for Building Complex
Models from Range Images,” ACM, 1996.)(Hereinafter referred to as Curless) in view of
Kaufman et al. (US 2004/0125103)(Hereinafter referred to as Kaufman).

28. Regarding claim 7, Sundaresan in view of Curless teaches the method of claim
6, but is silent to wherein the mesh divides the scan space into a spatial grid
substantially identical to a second spatial grid used to create the surface mesh.
Kaufman teaches that in voxelization techniques it is common to select the grid
resolution to correspond to a single voxel representing the smallest size discernable by
the human eye when it is rendered (/n conventional voxelization methods, when a
surface is 3D scan converted into a 3D volume grid, the resolution of the grid is
commonly chosen such that the size of a single voxel represents the smallest area that
can be discerned by the human eye when it is rendered. See paragraph [0320]).
Because both Sundaresan in view of Curless and Kaufman teach of voxelization
techniques and Kaufman teaches that the size of the grid is chosen to represent the
smallest discernable size, therefore it would have been obvious to one of ordinary skill
in the art at the time of the invention to combine the system to Sundearesan in view of
Curless with the grid sizing technique of Kaufman such that the rendered output surface

would appear to be smooth instead of blocky.
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29. Regarding claim 19, Sundaresan in view of Curless teaches the computer
program product of claim 18, but is silent to wherein the mesh divides the scan
space into a spatial grid substantially identical to a second spatial grid used to
create the surface mesh. Kaufman teaches that in voxelization techniques it is
common to select the grid resolution to correspond to a single voxel representing the
smallest size discernable by the human eye when it is rendered (In conventional
voxelization methods, when a surface is 3D scan converted into a 3D volume grid, the
resolution of the grid is commonly chosen such that the size of a single voxel represents
the smallest area that can be discerned by the human eye when it is rendered. See
paragraph [0320]). Because both Sundaresan in view of Curless and Kaufman teach of
voxelization techniques and Kaufman teaches that the size of the grid is chosen to
represent the smallest discernable size, therefore it would have been obvious to one of
ordinary skill in the art at the time of the invention to combine the system to
Sundearesan in view of Curless with the grid sizing technique of Kaufman such that the

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

30. Claims 10 and 22 are rejected under pre-AlA 35 U.S.C. 103(a) as being
unpatentable over Sundaresan et al. (US 2009/0232353)(Hereinafter referred to as
Sundaresan) in view of Curless et al. (*A Volumetric Method for Building Complex
Models from Range Images,” ACM, 1996.)(Hereinafter referred to as Curless) in view of

J. Morita Mfg. Corp., (“3D Accuitomo 170,” 2009)(Hereinafter referred to as Morita).
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31. Regarding claim 10, Sundaresan in view of Curless teaches the method of
claim 9, but is silent to wherein the substantially cubic shape measures about 250
microns on each edge. Morita teaches an imaging device that scans to include voxel
sizes of various ranges from 82 micron to 250 micon (Select voxel size, 80 um, 125 ym,
160 um, 200 um, or 250 um, that best suits your diagnostic needs See page 5, section
Five Resolution Levels)(lsotropic cubic voxel, page 8). Because both Sundaresan in
view of Curless and Morita teach of imaging system the utilize voxels and Morita
teaches that by having the ability to select the desired size based on the diagnostic
needs of the patient (Select voxel size, 80 ym, 125 ym, 160 um, 200 um, or 250 um,
that best suits your diagnostic needs See page 6, section Five Resolution Levels).
Therefore, it would have been obvious to one of ordinary skill in the art at the time of the
invention to combine the system of Sundaresan in view of Curless with the voxel
selection capabilities of Morita such that the user with have the ability to set the
resolution level based on the patients diagnostic needs.

32.  Regarding claim 22, Sundaresan in view of Curless teaches the computer
program product of claim 21, but is silent to wherein the substantially cubic shape
measures about 250 microns on each edge. Morita teaches an imaging device that
scans to include voxel sizes of various ranges from 82 micron to 250 micon (Select
voxel size, 80 um, 125 pym, 160 um, 200 um, or 250 um, that best suits your diagnostic
needs See page 5, section Five Resolution Levels)(Isotropic cubic voxel, page 8).
Because both Sundaresan in view of Curless and Morita teach of imaging system the

utilize voxels and Morita teaches that by having the ability to select the desired size
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based on the diagnostic needs of the patient (Select voxel size, 80 um, 125 um, 160
Kum, 200 um, or 250 um, that best suits your diagnostic needs See page 6, section Five
Resolution Levels). Therefore, it would have been obvious to one of ordinary skill in the
art at the time of the invention to combine the system of Sundaresan in view of Curless
with the voxel selection capabilities of Morita such that the user with have the ability to

set the resolution level based on the patients diagnostic needs.

33. Claims 12 and 24 are rejected under pre-AlA 35 U.S.C. 103(a) as being
unpatentable over Sundaresan et al. (US 2009/0232353)(Hereinafter referred to as
Sundaresan) ) in view of Curless et al. (“A Volumetric Method for Building Complex
Models from Range Images,” ACM, 1996.)(Hereinafter referred to as Curless) in view of
Snow et al. (“Exact Voxel Occupancy with Graph Cuts,” IEEE, 2000.)(Hereinafter

referred to as Snow)

34. Regarding claim 12, Sundaresan in view of Curless teaches the method of
claim 1, but is silent to wherein the spatial matrix includes a binary flag for each
one of the plurality of voxels that indicates whether processing is permitted or
forbidden for a corresponding volume of the scan space. Snow teaches a system in
which a 1 is given to occupied voxels and a 0 is given to empty voxels (Our output will
be a binary labeling of V, where a voxel is labeled with 1 if it is occupied and 0 if it is
empty. We will write a labeling as f, and for any voxel v € V we will write the label that f

assigns to v as fv. See page 2, right col., second paragraph). Because both Sundaresan
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in view of Curless and Snow teach of voxel representations of imaged data and Snow
teaches that the labeling is used in the determination of the final output of the surface.
Therefore, it would have been obvious to one of ordinary skill in the art at the time of the
invention to combine the system of Sundaresan in view of Curless with the labeling
technique of Snow such that the near surface voxels could be easily distinguised from
the unseen and empty voxels to create a rough model for viewing prior implementing
intensive hole filling techniques.

35.  Regarding claim 24, Sundaresan in view of Curless teaches the computer
program product of claim 13, but is silent to wherein the spatial matrix includes a
binary flag for each one of the plurality of voxels that indicates whether
processing is permitted or forbidden for a corresponding volume of the scan
space. Snow teaches a system in which a 1 is given to occupied voxels and a 0 is given
to empty voxels (Our output will be a binary labeling of V, where a voxel is labeled with
1 if it is occupied and 0 if it is empty. We will write a labeling as f, and for any voxel v €
V we will write the label that f assigns to v as fv. See page 2, right col., second
paragraph). Because both Sundaresan in view of Curless and Snow teach of voxel
representations of imaged data and Snow teaches that the labeling is used in the
determination of the final output of the surface. Therefore, it would have been obvious to
one of ordinary skill in the art at the time of the invention to combine the system of
Sundaresan in view of Curless with the labeling technique of Snow such that the near
surface voxels could be easily distinguised from the unseen and empty voxels to create

a rough model for viewing prior implementing intensive hole filling techniques.
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Allowable Subject Matter
36. Claims 4,5, 16 and 17 are objected to as being dependent upon a rejected base
claim, but would be allowable if rewritten in independent form including all of the
limitations of the base claim and any intervening claims.
37. The following is a statement of reasons for the indication of allowable subject
matter: The best prior art of record regarding claims 4, 5, 16 and 17 is Sundaresan in
view of Curless.
38. Regarding claim 4, Sundaresan in view of Curless teaches the method of claim
3, but is silent to wherein the spatial margin is a multiple of a standard deviation
ofa z-axis measurement for the scanner. The limitation “wherein the spatial margin
is a multiple of a standard deviation of a z-axis measurement for the scanner,”
when read in light of the rest of the limitations to which it depends make claim 4 contain
allowable subject matter.
39. Regarding claim 5, Sundaresan in view of Curless teaches the method of claim
1, but is silent to wherein the modified processing includes detecting a point in the
prohibited volume and displaying the point for a decay time. The limitation
“wherein the modified processing includes detecting a point in the prohibited
volume and displaying the point for a decay time,” when read in light of the read of
the limitations to which it depends make claim 5 contain allowable subject matter.
40. Claims 16 and 17 contain similar subject matter to claim 4 and 5 respectively in a

different form and are allowable for the same reasons as recited above.
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Conclusion

41.  The prior art made of record and not relied upon is considered pertinent to
applicant's disclosure.
42.  Kutulakos et al. ("A Theory of Shape by Space Carving,” International Journal Of
Computer Vision, 2000.), generally describes the technique of space carving.
43.  Lorensen et al. ("Marching Cubes: A High Resolution 3D Surface Construction
Algorithm,” ACM, 1987.), general surface reconstruction from 3D voxel data.
44.  Any inquiry concerning this communication or earlier communications from the
examiner should be directed to NICHOLAS R. WILSON whose telephone number is
(5671)272-0936. The examiner can normally be reached on Monday-Friday 7:30PM-
5:00PM EST.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, Kee M. Tung can be reached on 571-272-7794. The fax phone number for

the organization where this application or proceeding is assigned is 571-273-8300.
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Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http:/pair-direct.uspto.gov. Should
you have questions on access to the Private PAIR system, contact the Electronic
Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a
USPTO Customer Service Representative or access to the automated information

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

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

IXIAO M. WU/
Supervisory Patent Examiner, Art Unit 2613
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S7 43 space adj carving and dental us OR OFF 2015/07/14
PGPUB; 15:00
USPAT
B space adj carving and spatial adj matrix us OR OFF 2015/07/14
PGPUB; 15:00
USPAT
S {153 space adj carving and matrix us OR OFF 2015/07/14
PGPUB; 15:01
USPAT
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S$10 339 space adj carving and matrix and voxel us OR OFF 2015/07/14
PGPUB; 15:01
USPAT
S11 410 photo adj consistency and space adj carving iUS OR OFF 2015/07/14
PGPUB; 15:16
USPAT
S12 11 ("20030151804" | "20040155975" | Us OR OFF 2015/07/14
"20060139470" | "20070103460" | PGPUB; 15:42
"20070171220" | "20070172101" | USPAT
"20100066364" | "20100281370" |
"20100303341" | "5410614" |
"7372642").PN.
S13 189 voxel adj coloring us OR OFF 2015/07/14
PGPUB; 15:44
USPAT
S14 156 voxel adj coloring and matrix us OR OFF 2015/07/14
PGPUB; 15:44
USPAT
S15 40 voxel adj coloring and spatial adj matrix us OR OFF 2015/07/14
PGPUB; 15:44
USPAT
S16 40 voxel adj coloring and position adj matrix us OR OFF 2015/07/14
PGPUB; 15:44
USPAT
S17 48 voxel adj coloring and position with matrix us CR OFF 2015/07/14
PGPUB; 15:44
USPAT
S18 42 voxel adj coloring and matrix and unoccupied #US- OR OFF 2015/07/14
PGPUB; 15:46
USPAT
S19 40 voxel adj coloring and matrix and prohibited #US- OR OFF 2015/07/14
PGPUB; 15:48
USPAT
S20 i1 space adj carving and matrix and prohibited #US- OR OFF 2015/07/14
PGPUB; 15:48
USPAT
S21 {21 2008/0199829 Us- OR OFF 2015/07/14
PGPUB; 15:52
USPAT
S22 i1 "20080199829".pn. Us- OR OFF 2015/07/14
PGPUB; 15:52
USPAT
23 {109 ispace adj carving us OR OFF 2015/07/14
PGPUB; 15:57
USPAT
24 {168 i(space adj carving voxel adj coloring) us OR OFF 2015/07/14
PGPUB; 15:58
USPAT
S25 26 i1S24 AND ( (G08T7/0085).CPC. ) Us- CR OFF 2015/07/14
PGPUB; 15:58
USPAT
6 1123 space adj carving and medical us OR OFF 2015/07/14
PGPUB; 15:58
USPAT
27 i1 space adj carving and matrix with (spatial us OR OFF 2015/07/14
position location) with voxel PGPUB; 15:59
USPAT
i ! :
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S28 i1 (voxel adj coloring space adj carving) and us OR OFF 2015/07/14
matrix with (spatial position location) with PGPUB; 15:59
voxel USPAT

$29 {118 ijvoxel adj matrix us OR OFF 2015/07/14

PGPUB; 16:12
USPAT
S30 43 voxel adj matrix and unoccupied us OR OFF 2015/07/14
PGPUB; 16:13
USPAT
S31 43 voxel with matrix and unoccupied us OR OFF 2015/07/14
PGPUB; 16:14
USPAT
$32 413 voxel with matrix and space adj carving us CR OFF 2015/07/14
PGPUB; 16:14
USPAT
833 42 transform with matrix and space adj carving #US- OR OFF 2015/07/14
PGPUB; 16:15
USPAT
834 12 space adj carving and template us OR OFF 2015/07/15
PGPUB; 08:02
USPAT
S35 52 space adj carving and array us OR OFF 2015/07/15
PGPUB; 08:26
USPAT
S36 0 space adj carving and spatial adj array us OR OFF 2015/07/15
PGPUB; 08:26
USPAT
837 40 space adj carving and position near2 array us OR OFF 2015/07/15
PGPUB; 08:26
USPAT
S38 {12 space adj carving and voxel with array us OR OFF 2015/07/15
PGPUB; 08:26
USPAT
839 49 space adj carving and unoccupied us OR OFF 2015/07/15
PGPUB; 10:08
USPAT
S40 {7923 iispace adj carving adn prune USPAT #OR OFF 2015/07/15
13:00
HA1 i space adj carving and prune USPAT #OR OFF 2015/07/15
13:00
HA2 i3 space adj carving and prune us OR OFF 2015/07/15
PGPUB; 13:00
USPAT
43 45 ("20030206652" | "20100123784" | Us- CR OFF 2015/07/15
"4177505" | "6097394" | "7901093").PN. PGPUB; 13:01
USPAT,;
USOCR
HA4 30 grid with voxel with space adj carving USPAT HOR OFF 2015/07/16
09:29
HA5 {14 grid with voxel and space adj carving USPAT #OR OFF 2015/07/16
09:29

46 {5 grid with voxel with mesh and space adj USPAT H#OR OFF 2015/07/16
carving 09:33

SA7 5 voxel with decay near2 time USPAT {OR OFF 2015/07/16

13:54
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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
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may be employed, and in various embodiments, numerical thresholds may be user-
specified according to a desired accuracy of the resulting three-dimensional model. 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.

37

-111-



10

15

20

25

30

WO 2007/084589 PCT/US2007/001287

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.
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FIELD OF INVENTION
J0011T  This invention relates generally to three-dimensional imaging and more

specifically webnigues for combining disparate scans of a conunon three-dimeasional swrface.

BACKGROUND

{00821 In one techuique for three-dimensional image reconstruction, a manber of
images of ioage sots of an object are captured with a camera that fravels m apath over the
surface ofthe object, A three-dimensional model of the object cant then be obtairned from g
deseription of the camera path and individual three-dimensionad mossuroments capiured along the
camera path. In cortain applications, data from a surfuce of an objeet is available in multiple,
disparate data sets, such as where a scan {3 interrepted prior fo completion or where additionat
sesns are performed to augment 2 initial sean. The resudiing mohiple models can be regisiered to
one another o obtain & combined model. While conventional registeation technigoes can
mirinize an e i alignment between two such resulting models, this approach does sob afford
an opportanity to refine the individid models i view of the combioed data.

[B083]  Thore romsuing aneed for improved technigues fo combine disparate three-
dimensional dats sets, perticularly disparate data setg based upon a path of poses of a fhres-

dimensional scanner,

SUMMARY
[B864] o system or method where three-dimensionsd. data s acquired as 3 sequence
of frames of data along s caniera path, disparaie sequences are related to one another through a
number of geometric stitches obtained by direct registration of three-dimensional dada between
frarnes i the disparate sequences. These geomedric stitehes am then wed m addition to or
place of other camera path refationships to form a single virual stitel graph for the conmbined

madel, upon which an integeated global path eptimization oas be performed,

BRIEF BESCRIPTION OF THE DRAWINGS
[8005] The mvention and the following detailed description of certain embodiments
thoreof may be understood by reference o the following figures,

[odn] Fig 1 shows athree-dimensional scanning sysiem.
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{I07] Fig. 2 shows a schomadic dingzam of an optical syatent fhe s three-dirensional
SORDNIEY.

[0S Fie 3 shows a processing pipeline {or obtatning three-dimensional data frona
viddo soanmer.

{RU09]  Fig. 9A and 4B Hustrate comera paths for a three-dimensional scanner,

{E]  Fig 3 shows aoser roterlce mage where sdditional data is requested by a
spfiware fool.

B0} Fig 6A and 6B ilusirate sccomslated crror in camers paths,

feB12] fig 7is a fow chart of @ three-dirmenmonal recongiruction process meloding
global path opumization for mpreved accuracy.

[013] Fig 8 is ¢ flow chart of ¢ dental ohisct reconstruction provess asing mnerical
Opiintzation,

[B014] Fip 9 s a fow chart of a hybrid stiiching process for combining disparate
threv-dimensional scans of a common surface,

OS] Fiz 101s a flow churt of a process Tor crenting of a virtual stitel graph.
DETAILED DESCRIPTION

fore] o the following text, refercnces to Boms in the singular shoudd be understond
to clede Hems B the pluml, and vice versa, unless explicitly stated othenwise or clear fom the
fexnt. Grammatival conjunctions are mtended to express any and alf disjonctive wad conjunctive
combinations of conjoined clauses, seatences, words, and the Hke, imless otherwise stated or clear
from the context.

[B617]  In the systens and methods desenibed berain, # number of fechmgques for
glabal motion optineation are employed to hnprove scouraey of Swes-dimensional
reconstructions based upon camera path.

{HHE]  The following deseription details speeifie scanning technologies and focuses
on denind applications of trea-dimensionad imaging bowever, it will be appreciated that
vartatings, adaptaiions, and combinations of the methods and systeows below will be apparent 1o
o of ordinary skill i the art, For example, while an image-based sysiom by deseribed, non-
image based scanning techoigques such as infrared time-of- flight techmgues of stroctured hgld
fechmigques using patterned projections may sinitlarly orploy reconstruction based on camera path
that may henefit from the improvements deseribed herein, As another example, while digital
dentistry s one useful apphcation of the tmproved avcwracy that results from the echniques

deseribed herein, global path optinslzation may also usefully be omploved to refine three-
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dimensional anireation models or three-dimensional seans for maching vision applications o for
grypping applications. Al sech vaviations, adaptations, sod cconbinaiions are intended o fll

within the scope of this disclosure,

JO019] o the following deseription, the term "image” generally refers 1o d twie

dimensionn] sot ofpixels ferming a teo-dimenstonad view of a sulijoct within ao boage plane

The toroy "unare sof penerally refers o o set of related two-dhmenstonal mages that might be
resolved ioto three-dimensionad date. The term "point cloud” generabhy refers to a three-
dimensional set of points forming a three-dimensional view of the sabject reconsructed fror 4

number of bvo-dimensional imeges. In o three-dimensional 1mage capture sysiem, a muonber of
such point clouds may also be registored and combined Into an aggregaie point cloud constracted
from images captured by 2 moving camers, Thus & will be understood that pixels geoerally refer
to bvo~dimensional data and points generally refer to three-dimensional data, unless another
meaning is specifically indicated or clear from the context.

3020]  The forms Mduve~dinmensional model”, “threo-dirensionad surface
represeniation”, “digitad surface representation”, "three-dimensional swrface map”, and the ke,
as used berein, are ntended fo refey to any three-dimensional surface map of an object, such as &
point clond of surface data, a set of two-dimensional polygons, or any other date representing all
ar some of the surface of an object, a8 might be obtained through the caphwre andfor processing of
throe-dirnensional scan daty, unloss 3 diffivont meaning is exphicitly provided or otherwise clear

from the context. A “three-dimensional representalion” may inchude any of the three-dimensional

surface representations described above, as well as volumeinic and other represeniations, unless &

chifferent megning is explivitly provided or otheorwise clegr from the context,
FOO21] In gencral, the terms “render” or "rendering” refer to 3 two-dimensional

vistdzation of s twee-dimensonal object, such as Ffor display on 3 monitor. However, it will be
nderstood that a Wiriety of theee-dimensional rendering technologies exist, and may beusefully
sroploved with the ms and mothods disclosed heroin. For example, the svatem and mothods

described hoerein may nsci’tdi}f canploy & helegrapbie display, an sulesicreoscopio display, an

anaghyph displey, o headomounted steren display, or aoy other tvo-dimensional andior three-
dimensional display. As such, rendoring as described herein shondd be interproted broadly unless

a narrowey meaning is explicitly provided or otherwise clear fron the contest.

FOR22] The term "dental object™, as used beredn, is intonded to refor broadly fo
sibject matier related to dentistry. This may include intraoral stractumes such as dextition, ad
more fypically bumans dentition, soch as individuasl teeth, quadrants, full arches, pairs of arches

(which may be separate or fn occhusion of vanous types), soff tssue, and the Hke, as well bones
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angd vy other supporting or surronmding sinectures. As used berein, the term "intraoral structures”
refers 1o both madiesd stouecheres within a reooth ssdescobed above and artificial struotiores suehs 3s
any of the dental objects descubed helow that migdy be prosond @ the mouth, Dental objects may
molude “restrations”, which may be generally anderstend to mehude commponents that restore the
steuciure o Tonction of existing demtition, sech ws crowns, bridges, veneors, inlays, ondayvs,
aroaigams, composifes, and vanons subsirictres such as sopings and the ke, as well as
tomporary restorstions for ose while 3 permanent restoration is boing fabricaded. Dental objects
mary also meclude a "prosthexis® that replaces dentition with removable or permanent struchues,

such as dentures, partial dentures, implangs, retained dendures, and the like. Dental objects may

v "

also mehude Tapphances” used fo comect, align, o otherwise temporarily or peananently adjust

deniifion, such as rerpovable orthodontic appliances, surgical siends, bruxism appliances, suove

guards, mdirect bracket placement applisnees, and the Hke. Dental objects may also inehude

“handware" afli

sed to deyaition for an extended perind, such ss ioplant fixtures, boplant
ahutments, orthodontic brackets, sud sther srthodontic components. Denial objects nway adso
mchude "iatertn compenents” of denial manufactire such as dontad orodels (full andicr partiad),
wax-ups, nvestuent molds, and the Hke, as well as frays, bases, dies, and other components
employed i the bricabon of restorations, prostheses, and the ke Dootal objects may also be
categorized @ maturdl dental objocts soch as the eth, bone, and other intrsoral drectures
desenbed above or ax anuficial dental objects such as the restorstions, prostheses, appliances,
hardware, and interim components of dental manufacture as described above

FOOI3] Teoms such as "digial dewtal model”, “digital dental bapression” and the

. are ftended to refer to three-dimensiona! represeniations of dendal objects that may be used

i vavions aspovts of soquisition, analysis, presovipuon, and punuthctmre, andess a ditferent
meaning s otherwisy provided or clear from the cordext Terms such as "deotad model” or “dengal
impression” are intended to refer to a physical model, such ax 8 cast| prinfed, or otharwise
fabricated physical stance of & dentad objeet. Unless specified, the fenn "model”, when used
alone, may rofor to cuther or both of & physieal mode! and a digital model,

(o] I will Ruther be undersioad that teons such as "oal™ or "control”, when nsed
o desoribe aspacts of 2 user inlerface, are intended to refer penerally 1o & varioty of tochniques
that may be eraploved within o graphical user intertace or other user interfuce to receive user
input that sthmulates or conirols provessing including without Hmitation drop-down Hsts, radie
buttong, ourser andfor mouse actiony {selections by point, selections by arca, drag-and-drop
operations, aod so forth), check boxes, conumand Hoes, text inpuwt flelds, messages and alerts,

progress bars, and so Yorth, A too! or control may also include any physical hardware relating to

-133-



WO 2012/ 1153863 POEUSIOIZ/MN2R554

the user input, such as 3 mowse, keyvboard, display, kevpad, irack ball, andior any other devies

that receives plosical iput from 3 usey and converts the physical input It an input forwse in g
comprasyized system. Thes i the following desedption e o "oal”, "eontral” angd the Hike

should be broadly constred unless @ more spocific meaning s ofherwise provided or clesr from

the conioext,

{OU25] Fig §depars athroc-dimensional sonnwing sesteny that pay be used with the
systemis and methods deseribed herein. In general, the system 180 may melude o scanner 102 tha
capiures rages front a surface 106 of ane object 104, such as a dental patfent, and forwards the
images o a computer HIB, which may inelade a display 110 and one o more user- input devices
12, 114 such ax a mouse 12 or a keyboard 114, The scanner 102 may alse include an integrated
it or outpad dovice 116 such as a condrol inpat (for exasaple, bulton, fouchpad, tharabwhes!,
efe.} or & display {for example, LCD or LED display) to provide stutus information,
fH026] The scanner 2 may include any camors o camors system suitable for

capturing buages from which s Hwee-dimensional poind cloud or other three-dirnensional daia
may be recovored. For example, the scaoner 102 may omploy a muiti-aperture gystem as
disclosed w US, Pat. No. 7,372,642 1o Hohaly e sl While Rohaly discloses nae multi-apertue
sysiem, & will be appreciated that soy mulitaperiure systorn suitable for reconstruciing a three-
dimensionat point cload from a number of two-dimensional images may similarly be employed,
In one mwlib-aperiure. embodiment, the scanner 182 may inchade 2 plurality o apertuves wncluding
2 eerder aporiure positioned along « cemter optical axis of a lens that provides 3 center channel for
the scanner 102, along with any assopsted smaginy hardware, In sueh embodiments, the center
channel may provide « convertionad video inage of the scanned subject matter, while 3 munber
of axially offset chennels yield fmege sats containing dispanty information that cart be employed
i three-dimensionad reconsinction of @ surface, In other ombodinends, o separate video camers
andéor channel may be provided o achieve the same resull, that 5 a video of an object

corresponding  enpordly 1o a three-dimensional sean of the object, prefovably front the same
pespective, o fhang @ pesspoetive having 8 facd, known rolaiiondup t e porspective ofthe
supaner 12, The scamner 102 may alse, ov instead, welude g storeoscopic, iscopio or other
mubli-capwers or other configuration in which 2 sumber of careras or oplical paths are roaintained
i fixed relation to one another 1o obtain bwo-dimensional images of an object from a number of
different perspectives, The scanner 102 may inclade suttable processing for deviving a these-
dimensional point cloud from an buage sob or o number of wnage sots, or cash two-dimensional

hpage set may be transmitied to an extemal procossor such as cordained in the computer 108

deseribed below, In other embodiments, the scanner {02 may enploy structimed Bght, Taser
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soanning, divect ranging, or any other technology suitable for acquiring throe-dimensionad data, or
two~dirnensionyd data thad con be resolved indo three-dimensional data, While the weohoigues
deseribed below can usefdly smploy video data scgiived by 3 video-based three-dimensional
sunmning swstorn, 10 will be undenstood that any other theee-dimeasional seanning gestem may be
supplewnented with a video soquisition system that captures suitable video data
conterporameousty with, or otherwise synchrontzed with, the acguisition ofthres-dimensional
data.

{8027] In one cmbodiment, the scanner 107 is & handheld, freely-positionable probe
having at keast one user-input device 116, such as a batton, fever, diad, thumb wheel, switch, or
the like, for user controf of the beage capiwre system 100 such ae starting and stopping seans. In
wn erabodiment, the scanner 107 may be shaped and sized for dentad seanning, More particudarly,
the scanner nxyy be shaped and sized for intraoral scanning and date captire, sach as by inserson
it 3 moth of an inagibg subject and passing over an infraoral surface 106 at a suitable distance
to aoguire surface datz o teoth, pums, and so forth, The scanner 102 pay, through such a
continuous data acquisition process, caphire a point clond of surfiee data baving suificient spatiad
rosehddion and accuraey to prapare dental objects such ay prosthetivs, bardware, appliances, and
the like therefror, either diveotly or theough 8 varety of intermediate processing steps. In other
embodiments, surlace date may be acguired from 2 dental model such as a demad prosthetic, 1o
ensure proper fiting using » proviogs scan of corresponding dentifion, such as @ fonth surfice
prepared for the prosthetic,

[0028] Although not shown e Fig. 1. bwill be appreciated that a ramber of
supplemental lighting svsterns nay be wsefblly enployed during toage caphure. For example,
enviroromeniad Hhutbdon may be eshanced with oae e more spotlights dlninating the obest
FO o speed image scquisition and improve depth of Ffeld (or spatiad resolation depthy, The
scanner 102 may alse, or instead, include astrobe, flash, or other Hght source to supplement
Womination of the object 104 during mage acquisition,

166291 The objeot 104 may be any objeet, collection of obijcels, portion of w ebjeet, or
other subject maticr, More particulary with respect o the dental techniques discussed berein, the
object 194 may dwelude human dentition captured intracrally from a dontal pationt’s mouth, A
somn iy capture a three-dimensional representation of some or sl of the dentition according to
particular purpose of the scan, Thus the scan may capture a digital model of 8 ooth, a quadrant of
ieeth, or a full collection of teeth including two uppostag arches, as well as soft tissne or any
other refevant 1ntraorad steuctures. The scan may captiee roudtiple representations, such as a tooth

strface hefore and after prepuration for a restoration. As will be noted below, this data nwy be
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erpploved for subsequant modeling such as designing & restoration o determining a margin lioe
for same. During the sean, g center chanpel of the scaoner 102 or aseparate video systom may
capture video ofthe dentition freom the potat of view of the searmer 12 In other embodiments
whone, for example, 3 compleied fabucation is bodng virtually tost fiticd to 8 stfacy proparation,
the scan roay include a dontad prosthesis such asoan inlay, 2 ovown, or say other dental prosthesis,
dental hardocare, dental appbance, ov the like The abeot 104 may alse, or instead, jaclade o
dentad model, sueh as a plaster cast, wax-np, mpression, oF negadive impression of @ footh, teeth,
soft thssue, or some combination of these,

{838 The computer 108 may inchude, for example, a persenal computer or other
priocessing device. In one embodiment, the computer HOR inclodes o povsonal computer with a
dual 2.8GHz Opteron centrad processing unit, 2 gipsbytes of random secess memuory, a8 TYAN
Thunder KEWE muotherboard, and a 230 gigabyte, 10,808 mpm hard dave. In one current
emthodiment, he systorn oan be operated to capture more than Bve thousand points per image sa
o read Bme using the fechnigoes deseribed herein, and store an aggregated pomnt cloud of several
mwillion poinds, OF course, this poist cload may Purther provossed to sccommuodate sabsoguent
data handling, such as by dechmating the point cloud dada or generating a comasponding maesh of
surfree dnta. As used herein, the torm “real dse” means generally with no observabde latency
botween processing and display. In a video-based scanning system, real tire more spectfically
rofers to processing within the toe beteeen fames of videe data, which may vary scenwding to
specific video technologies between about fifteen frames per second and ahout thirty franes pey

secongd, Mo penerally, provessing capabilitios of the computer 108 may vary according to the

size of the object 104, the speed of imege acquisition, and the desired spatidd resolution of thece-

dimpensional ponts. The computer 108 may also nclude peripheral devices soch s o Reyhoard

P4, desplay 110, and mouse 152 for user aaferaviaom sl the camera systeny 108 The display
110 may be a touch sereen display capable of receiving user input through divect, physical
interaction with the display 110, Tn arother aspect, the display may include an awtostersgscopic
diaplay capable ofdisplayving. ctoreo bwpes

[031]  Communications botween the compuier 108 snd the scanner 102 may use any

siiiable compnunications link neloding, for example, a wired conmection or 3 wireless connection

based upon, for example, IEEE 8621 1 {slso known as wireless Ethernet), BlusTooth, or any
ither siifable wireless standard using, for example, a radio Feguency, jofrared, o other wireless
copwwrieation medivm, o medical imaging or wher sensitive applications, wireless inwmge

fransoussicn from the seamner 102 to the computer 108 may be sccured. The coraputer 108 may

.l
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gonemte control signals to the soanner 102 which, i addition to unage aequisiiion eommmands,
may inchde convoniional camera contrals such as foons or zoom.

JOU32] beosn oxsmrple of geserad operation of a three~dimensional tmage capture
aystorg FHL the sonener 102 wmay anquire twosdimensional Tmage sets at a video rale whils the
soamner M2 s passed over s sarface of the subject. The two-dimensional image sets sy be
forwarded to the computer HIR for dirdvation ol three-dbnensional pobyt clonds, The throee-
dimensional data for cach newly acguired bvo-dimensional Image set may be dertved and fitted or

frod” 1o existng three-dinmnsionat date using 3 oumber of differer techniqoes. Sucha
system employs camera molion csimation o avoud the need for mdependent acking ofthe
postiion of the scaaner 102, Que pseful exaraple of such a technrque is desertbed @ commonly-
owned U8 App. No. TE270,133, filed on November 9, 2003, However, it will be sppreciated
that this example is not lmiting, and that the prineiples described herein may be applied 1o a wide
range of three-dimenstonal 1mage captome sysigms.

{033] The display 110 may include any display suitable for viden or other raie
rendeniog @ a level of detail conesponding to the acquired data. Senable displays inchade cathode
ray tube displays, Hauid orystal displays, Helbit contting diode displays and the bke. In geseml, he
displny 110 may be operatively coupled to, sud oapable of recoiving display smgnals from, the
cornpater 108, This display may ichade o CRT or flat panel monitor, a three-dimensional display
{such as an snaplyph display), an avtostercosoopic three-dimensional display or any other suttable

twosdimensional or three-dimensiona! rendering hardware. o some embodiments, the display

may inchude a fouch soreen interface using, for oxample capucitive, resistive, or surface acoustie

i

wave {also reforred to ax dispersive signal} fouch scroen technologies, or any other suitable

fechnology for seomny physical interaction wdth the display 110

{I034]  The systemy 100 may welude scompuier-usable o eomputer-readable medium.
The computer-usable medinm 118 may include one or mare meimory chips {or other chips, such
8% & o . that include mevaory). optical disks, mugnetio disks or other magnstic media, and
g forth, The c(mmm'(:szusahie w3 may o vanens embodiments tnolude removable
memnny {(such as 3 VR deviee, tape drive, sxtornal baed drive, snd so forth), vomots storage
{such as nevwork attached storage), volatile ornon-volstile computer memary, and so focth, The
compuice-usable medium 118 may contain comptor-readable instructinns for exeention by e
somyntder TR to porform the prosesses deseribed herein such as the process desertbed o dotad
sith reference fo Fig, 3. The computer-usable raediim 118 may also, or insfead, store data
recetved from the scanner 107, stere a three-dimensional woodel of the object M. store compter

code for vendering and display, and so forth,

8
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3

H3S) Fig, 2 deplots an optica] system 200 for s lwee-dimensiooal scapner that oy
be psed with the systems sod methods desertbed herein, such s for the sosoner 102 descrtbed
absove with referonee 1o Fig,

joi36]  The optical systen 206 may inolsde a prinsary opticsd facility 202, which may

ssfen b general, a primary optical hlity refoes

be venploved e any kind of irosge processiag
berein to sn opiicad system having oue opttesl chsapel. Typioally, tds optical chionel shares at
feast one fons, and has o shared image plane within the optical system, although 1n the following
deseripiion, varmations to s may be explicitly described or otherwise clear from the context. The
optical sestem 200 may molode @ siegle primary lons, a group of lenses, an object feng, mirror

stems {inchuding tradivional mirecrs, dightal mimor systems, digital Bght processors, or the bkey,
confocal purrors, and any other optical fcilities suitable for use with the sysiens described
berein. The optical systeny 300 may be psed, for example i 3 storcoscopie or other maluple
iage camen aystom. Other optical facilities may include holographic optical clomonts or the
like. In varous configumtions, the primary optical facility 202 may inchide vae o more lonses,
such as s object lens {or group of fonses) 2026, a fleld fens 203d, arelay leng 2028 and so forth,
The object lens 202b may be focated al or near ap endrance pupil 202a of the optical svstem 204,
The field lens 202d ey be looated at or near a first aage plane 202 of the oplical system 200,
The relay lons 2021 may relay bundles of Hight mys within the optical system 200, The optical
system 200 may Further inclnde components soch as apertore elements 208 with one or mose
apertaves 212, arefocusing facility 210 with one or more refocusing clements 204, one or more
sampling fecilities 218, andfor a mamber of sensors 21da, 2idh, 2ide,

O] The opticad systomn 200 may be desigaed for active wavetiont sampling, which
should be understood to encompass any fechmigue ssed to sample & series or collection of optical
date frony an object 226 or objects, inchuding optical dats psed 10 help dotect tve- or three-
dimensional characteristics of the object 230, wsing optical data to detect motion, using optical
dats or velociinetry or object acking, or the Bke, Further details of an optical system that may
be employed as the optical system 200 of Fig, 2 are provided i U, Pat No. 7372642, Mo
generidly, # will be understood that, while Fig. 2 depicts one embodiment of an optical system
200, rapnerous variations are possible. Ou saliond feature of the optical sysicm refated to the
discussion below is the use of a conter optival channel that captures conventional video or sl
images ot one of the sensors 214b concurrent with various offset data {at, for example, 214a and
214¢) used 1o capture three-dimensional measuroments. This center chanpel dmage may be
proseoted 1o & user ixterface 10 permit inspection, marking, and other manipulation by 2 user

during a user session as deseribe below.

9
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{38 Fig, 3 shows g three-dimensional  reconstruction: svsten: 300 eoploving a bighe
speed pipeline aod 3 Bghescoumey pipeline. Iy geoenl, e bigh-spead processing pigaling 330
aims fo provide three-dimensionsl data byoreal tirne, such ag st 3 viden Faroe rate used by an
associsted display, while the high-acowwacy pracessing pipeline 330 aims to provide the lighest
accoracy possible frore somoer messurements, subjoct 1o aay oxtemal corapotaion o tae

pomstoxints imposed by o hardware oF 3o anfended e of the resolis, A data sobece 3HE gach

as the scarmer 12 described above provides image data or the like to the systeny 300, The dat
source 310 may for example inchude hardware such as LED ring Hahds, wand sensors, 3 frame
grabber, a compuier, an operating system and any other suitable hardware andfor software for
pbtaining data used I a hree-dimensional reconstruction, hmages from the daia souree 310, such
as cepter channel images containing comventional video images and side channels containing
disparity data used to recover depth information may be passed to the real-time procossing
condrolier 316, The real-time processing controfler 316 may also provide canera control
information or other foedback to the data souwrce 310 1o be used i subsequent date aegquisition or

‘g data slready oblained I the dain soures 310 that fs neaded by the read-time

for spec
processing controdler 316, Full resolution inwages and relsded image daty may bo retainad in a full

sohintion image store 3220 The stored images may, for esample, be provided fo the high-
accuracy procossiag controller 324 during processing, o be retained for image roview by &
homnaa user during subsoguent provessing steps,

{0039] The real-time processing controller 316 may provide images or fames o the

high-speed {video rale) processiag pipeline 330 for mconstroction of three-dimonsinnal. surfuces
from the twoe-imensional source data e real Ume. In an exemplary embodiment, two-

simensional ymages from @ image set such as side chammel mmages, may be registerad by a two-

dirmensional tmage regisivation. module 333, Based oo the resudis of the two-dimensiond  fivge

registration, & three-dimensiona] poist cloud generation modude 334 may create a threes
dinensional poind cdoud or other three-dimensional representation. The three-dimensional point
clowds from individoal image sets may be combiaed by wilree-dimensionad  stitching madule 136
Finally, the stiched measuramenis may be combined into an totegrated threo-dinunstonal  madel
by a three-dimensiona] model oreation modale 338, The resulting model may be stored as o highe
spead three-dimensional model 348,

jost]  The higheaconmey processing controlier 324 may provide images of frames to
the Ingh-accuracy processing pipeline 3300 Separate image sots may have two-dimensional mage

registration perforned by a two-dimensionad image registranion modiule 332, Based on the regults

of the two-dimensional imsge registration s three-dimensional  point clowd or other three-
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dimensionsl reprosentation may be gonerated by a threo-dimensionad point cloud goneration

module 334, The fluve-dimensional point slouds from individual image sets may be conaseied

using a three~-direensivngd stitching modole 338, Global notion optimization, also referced to

herein as global path optimdzation or phobal cammera path optimization, may be performed by a
global motion optimizstion module 337 @ order to reduce ervors w the resuiting three-
diswnsionad swdel 358, In genersl] the path of the camera as 1t obtaes the mage Fames oy be
caterdated as 2 part of the three-dimensional reconsiructon process. in g pogt-progessing
refinement procedure, the caleulation of camers path oy be optimized ~ that is, te
accurnulation of errors along the length of the camers path may be mmimized by supplorental
frame-to-frame motion estimation with some or alf of the global path informsation. Based on
global mformaton such as indtvidual frames of daty i the buage store 322, the hgh-speed three-
dimensional model 348, sod intermediate results in the high-acowney provessing pipeline 350,
the bigh-accuracy mmodel 370 may be processed to roduce arrors o the camera path and resuliing
artifacts in the reeoustructed model As a further refinemend, amesh may be projecied onfo the
high-speed maodel by & mesh projection raodule 368, The resuliing roages oway be warped or
deformed by aowarping madule 362, Warped mages may be ulibized to ease alignment and
stiteling between hmages, such as by reducing the indtial orror in a motion estimation. The warped
unages may be previded o the two-dimensional asge rogistration modale 352, The feedback of
the high-sccuracy three-dimensional model 370 o the pipeline may be repeated ool some
metric is obtaned, such as a stitching acturacy or @ nunimum error threshold,

fedl] Various aspests of the system 300 of Fig. 3 are descabed i greater detail
belew, It should be understood that various processing nodules, or the steps tmplied by the
modules, shown in tis figore wre exemplury it nafure and that the order of processing, or the
steps of the provessing sequence, pay be modified, omitted, repeated, re-ordered, or
supplemented, withouw! departing from the scope of this disclosure.

[042] Fig A shows an obpeet 410 for taging, along with apath 413 Gat a camer
may follow while obtaining 8 Hheee-dinensional scan of a surface ofthe objeet 410, The direction
of the path 413 s indieated generslly by an arrow 416, The object 410 muy be an upper dontad
impression {as shown) or any ofher object from which three-dimensional surface data v sought
Sturting the camera at a starting point 420, the camera may follow an are 430 to g second point
422, The camers may then follow a scgowent 432 to 3 third point 434, The camera may then
follow g second are 434 1o a fourth point 436, The camera may then Bllow @ second segment 436
o return approximtely to the stasting poirg 420, I should be noted that the path 445 followed by

the carnerz may be iregular rather than smooth, and that while a particalar path 4135 i depioted,
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more genenelly amy path may be aken by the carmer inchading pathe that double back upon
therasebves, orossy dver identival regions two or awee thoes, andior eatirely skip varicas sursces
ofthe object 410 should alsabo aoted that the caraom path 415 may oscfidly sotwen o the
sharting point 420, but this s not stoietly required for three-dimensionad reconstruction as
described heretn. The camera ey take hondreds or thousands of images or more as the vamer
traverses the path sround soch @ dongat object 410,

f0043] Fig. 4B shows locations where addttional scan data pught usedlly be acquired
to unprove the socuracy of 2 theee-dimensional reconsteuction, For exampde, ares 440, 442, 444,
and 446 may be scanned (Tor example, traversed by the camera paih) to provide cross Hnking
between vartons lengths of the camera path, Date might asefildly be acquired, for example, from
any area that can improve computational accuracy of a three-dimensional recorstruction such as
regions where the Jength of a camers path between two measurements of the surface {for
example, image sofs or image duda) is significantly greater than e distance betwaen the two
corresponding surfane looations in the world conrdinate system for the camera path. It will be
appreciated that s may be a Buclidean distance oy any suitalsde proxy for distanee. For example,
the fength of the camera path may be measured in torms of the number of camwra pafh sogmends
or the pumiber of camery path scgments from key frame to key ame, behwoon hwo camera poses
i Fochdean space. As another cxample, this may inclade regions where sepavate tree-
dimensional messurements for a geveral region of the recenstructad three-dimensional model i
to regisier 1o one another, ot ather tadicia of accumaulated error in the global canora path might

b prosord,

{4 Fig. § chows guser interface depioting o graphical reguest for additional scan
data. Adler the camera follows the path 415 iHustrated ahove, g software too! may be utilized o
identify various locations where additional daia might usefully be acquired to redues accumulated
errar i a global camery path, such as bwo frames of image duta that represent a candidate for an
accumuluied orror dn camera path refative © one another using, for example, any of the
weehnignes dosenbed above. & moniior S may display an touge S28 sch ag s three-
dimensions! reconstruction of sonuned sabject maticr, and an srrow 330 may bo displivved on the
monitor 310 indicsting where additiond scanning s weommended, The user may then procesd to
pse g seanner, such as the seanner MR from Fig. 1 to sean the ares indicaied by the amow 5340,
Mare gonerally, areas for additional scansing may be doniified to a user & a graphical user
imterfaee that displays 2 recomstructed three-dimensiona] madel from the camera path, along with
arrows of other wdentifiors or graphical annotadions that Hhstrate g reconunended scan path, After

& usEr angments 3 carnera path with additional scans, the resuliing dute can be employed to
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resolve difforences (that is, orrors)y i the global camers path, as deseribed generally theoughowt
this disclosure.

fOi8] Fig. 6A ilhesirates & simple camera path oa world onondinade sysors, The
aainera stards ab g starting point 6143 and fodbvres a path 620 3 couderclockwise dircetion «s
tdicated by snoaeow 623, retursiog 1o an ending poist seinoidest with the starting point 10 i a
fixed soordinic sysiom, such asan arbitrarily selectod searld coordinate system.

{oB46] Fig 6B shows a simple camera path in g coamens coondinete system. When &
vamera traverses the path 620 i the world coordinate sysiom, errors may accumulate m a
caloulated caomera path 638 so that @measored ending point 640 appears to be locaied away from
the meastred starting pobat 630 i the camera coordinate sysiem, even though these points are
wdentival in the world eoordinate system, I one aspoot, one o prore oross Hoks such as those
deseribed above with reference to Fig. 4 may be employed to nuitigate acounnilated evors in the
cafeulated camera path 633

f047] Fig 7 s o fow chart of ¢ three-dimenstonal reconstrustion process ncluding
global path optimization for improved accuracy,

048] The process 700 may begin with preprocessing as shown in step THEL B will be
undestond that preprocessing as desoribed berelnr presupposes the availabilly of x sumber of
frarnes of onge data feome which a camera path and three-dimensional model can be

reconsirucied. The information for the three-dimensioaal reconstruction may be genenied in

nemerons ways inchading coming from structored Hght projection, shading based three-
dimensional reconstroction, or disparity deta. Dispaety data rasy be genemiad by 3 conventional
irege plus ong of more other channels or side chunnels. The preprocessing may inchide
determining the munber of wvatlable frames, the time duration ovey which all the frames were
taben, the smount of overlap betwesn aotghboring frames, identiBostion aosd oliminaion of
framnes with blurred or badly distorted fmages, and any oiher suitable preprocessing steps. An

astiroate of the munber of desired key frares may bo buitially deterined during the

PIEPIOCCSSING SEp.

{O9] As shown i step 712, Key frantes may be selecied Bom among all of the

framnes of dats acquired from & seanner along a camera path. In general, computational costs can
be reduced by storing cortuin data and performing cortain calculations and processing steps
pxelusively with reforonce to ey frames. In principie, these key fames should be related to one
another in x manser that peradis chaacienzation of & cantera path, typioally taough the
regisization of overkapping three-dimensional data in respective key frames, Various swthods are

known in the art for selecting a subset of frames of data ws key frames, inclading techaigues
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based on image overlap, canera path distsnne, the number of intervening non-koy frames and so
farth, Far example, key fraroes saay bo selected based oo thoe doration from ao oesdintely

praceding koy frame. Koy frames rony also o fostead be selected based apon an amowd of tmage
pvirlap frony the preceding key frame andior 3 candidate for s following key frame (1 wvailable),

Too litle overlap makes frame-io-frame registetion. difficul. Too much overdap doives fagey

o Key frames raay be

sumbers of key Frames and thevefore farger mmonns of data to analy:
selected based on spate displacement, meaming that an opper it may be placed on the amoant
of overlap from one key frame to the next. Koy frames may also be selocted based on sequontial
displavement. This type of sequential displacement could mean that every tenth frame i
determined to be a key frame, for example. In one aspect, key frames may be selected as data is
acquired based on any mumber of suitable criteria. In another aspect, key frame pairs may be
determined post hoe by examining all possible candidate koy frames, All possible key fame pains
may be exarned and candidates may be removed, o example, where there 1 msufficiond
overiap to foron a stiich, S more generally, soy lechnigue sutiable for selecting a subsat of
frayoes i 8 dain set may be psefully emploved to select key frames for processing i order to
reduce comptational complexity,

F3030] Once key franes have been selevted, additicnal proce

s ey be perfrmed,
For example, ol mage data (Tor example, full resolution center and side charmel fmages) may be
stored for each key frame, along with image signature data, point cloud centroid calcalations, and
aey other measered or caleulated data to support use of the key frames w a three-dimensionsl
reconstraction process us desoribed herain,

F0031] Ax shown i step T4, candidate stitches may be wWentified, In general, a stich
{s a refationship bebween two separaie three-dimensional measoroments Eom deo different
camera positions, Qnee a stitch is esiablished, a rotation and a anstation may be detenmingd for
the path of a camera between the two different camera posttions. In a complementary fashion, the
three-dimensionsl messuremends from the two diferent camers positions may be combined inte a
portion of 8 theeg-dimenstonal model. Candidate stitches raay be anadyeed aronnd cach key
frame, sach as fom the key fons to some or all ofthe frames of data botweesn the key frmme and

neighboring key frames. Stitches sy be based on the originally imaged faraes. It may also be

aseiul to deform or warp two-dimensional images during registration and other steps B a

stiiching process in order to mprove seowraey andior speed each stitch caleulation. Stitches may

also or instead be based on other observed epipolar relatonshups i source data.
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JOUSZ] As shown i step 716, stitches may be seleoted for the complate carpom path
Freoa the vanveess of candidate stitebes. The selection of witohes may be made baged npas, for
exanaple, the Joewest ealoulatod erroe inresulting pordong of the theee-dinwensivnal mndel.

JO3] As shown in sfep 718, 2 graph analysic may be performed nxing the key fraomes
and the associated stitching to caloulate g glohal path for the camera ased to obtin & three-
dimensional owdel, The goph asslysts may sonsider each koy farse ss anode or vertex and each
stiteh as an edge between g pair of nodes. A key frame 15 selocted as 3 starting point. & hreadth-
or depthefirst gearch may be performed throegh the graph to ideraify siitches which may conneat
the current key rame to another key frame. Each key frame is marked as the graph is proceeded
throngh. A check may be performed to see i all key frames have been reached within the graph,
I all key frames have not been reached through fraversing stitebes m the graph analysis, the
largest sub-graph is idontified. This sub-graph may be examined to see i the eotive three-
dimensional image may be modelad.

053] Homay be that certain sub-graphs are ool wequired to complete the three-
dimensional imaging. I the camers lingered over a pagicular region of g surfhwes of an object, or
ifihe camery Jopped on x region multiple tiroes, the associaied sub-graph{s} may not be peeded. I
g separate sobegraph is idemtified, which s needed to complete the Heee-dimensional imaging, an
optional bravch back to step 712 may be performed. For example, a set of key fromes oy have
heen selected which did not bave sufficient stitching from one key frame to the next key frame,
By chowsing a differont set of key frames, sofficiont stitching may be obtadned in order to obtais «
coroplete graph of ol needed aspects of the three-dimensional traging. A key frame which s too
spravse, Mg # has tesudBcient stitehes 1o wid n batding a graph, may indicate that 3 dfferent
set of koy frames should be selected. Based on the graph analysis, @ global path may besclected,
and the graph may then be analveed to optimize the path ealeddation,

[0055] A shown i step 720, anumencal optimization may be performed o rednce
errors in the calowlated camers path based upon available daty for the complete camera path such
as, for example, cross Hoks that ntorvelaie femporally disiant rocasuromenty. In goneval, the
objective of numerical opiindzation 1s to minimize w caloukded ervey basad upon e error function
for the camera path anddor reconsinucied threo-dimansional model A useful foonulation of the
error minimization problem for a global camera path is presented below,

{o086]  Thore maay be a set of candidate camoera positions and ooentations referenced o
a world conrdingte system. A camer position and orfertation collectively may be referred to 03 &
camery pose, There may be @ set of measored rame-to-frame carpers molions. A camera

translation and rotation collectively may be referred 10 ag 3 camera moetion. A measured camers
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moticn may be reforenced i the coordinate system of vie camera pose. At example set of thres
ke frames maw be obtwiped from tave carmers positions, 4. 8, and C, vach of which oy be
referencad to an origin, @, of wworkd coordinnte systorn o three~dimensions! spage. In additdon to
the position of these pohus, 3 camien at cach of these points gy have a different orfontation. A
combinaiion of the position and odentation s gonerally referred o a3 2 camers pose. Betweeen
gach of these poinds wre motion parameters moloding s translative (a4 change @ position} and a
rofaiion {3 change i orienfation). The relationship betwesn a point, X, expressed o the world
coordinate system as A, and the same point expressed i the 4 coordinate system, X, may be
given by cguation (Ix

(1 X, = Ry X + T

12X
Ry 1s the rolation, taking poists fom the world to the 4 coordinste systarn, T, ivthe
franslation of the werld coordinate systom as represented i thed codrdinnte gystent. It should be
understond that svmbols X and 7 may represent 3 vector, rathor than a scalar, for example where
X includes . v, andz coordinate values. Further, ¥ should be undomstood that symbal 8 may
represent a matrix. Equations {2} sud {3) may similarly represent a transform transtormation

between the world and the # and C coondinate systorns respectivedy:

{2 Koy =Rgpd o 7T

13

X

e

e “on
3 X8R o ¥ oo

[0057] By rewrranging, egeation (1) aod eguation 23 may be represented. 2s shown. in

eguation {41

§

m Xy = RAX - T b= RN - T)

[0SR The represepdation of a point i one camera’s coordinate system may be related
to the same point in another coordinate system. For example, a5 i equations 143, coordinates of a

point, X, may be trensformed from the 4 coordinate system o the & coordinate systern as ollows:

{5 Xop mR e P T

3

{0059 The rotation & 4 rotates poinds from the 4 to the 8 coordinate syster and 7, is

the position translation of the origin of the 4 coordinale system e the # coordinsle system,
{1068 o an optindration, the pose of every camers may be optimized based on
measured transforms between camera poses. Thal is, a number of camera-to-world or world-to-

camera rotations and ranslations, for example, &, and 7,

o, TRy be performed. [t will be
apprechtted that the world coordinate systent is arbitrary, and one of these ransforms may
cortventently be an wentity rotation with zere translation, or & constant motion ransfer can be

apphed to all camers poses withowt shering the onderlying optimization,
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{o61] The rotadions and wanslations niay be measured for many pairs of cameras. For
the #h such messured frame-to-frarne motion, ot ose ofthe cameras of the pair be camera” and
the other be camera &, This may aleo be considerad the b sntch that refates the camers poses for
4 and s Lt g g, be the mocasured rotation taking polnts inthe s syaien to the & systern and f
b the coordinates of the ¢ position expressed ip the » sysiom, as m egquation {3).

{082 The rotations and wanslations for alf cameras, r . and 7, may be optimized. It
will be appreciated that, whale these expressions and the following distussion are cast i terms of
rotations and translations from the individual camers coordinate systoms to 3 single world
coordinate systen, this churacterization is not intended to Hoit the generabity of this disclosure. A
simifar or complomentary snalysis may be performed wsing the roverse of these fransformas, or
any other fransform or collection of transfonms {(tvpieally, althongh not necessarily rigid
iransforms) capable of describiag a camera path acrosg moultiple peses. The eonstrabus on camera

motion from one pose, 4, to anather pose, 8. for an F stitch or relationship may be exprossed

relative to a world coordinate system as rotations, & &, and ¥ 2, snd eaoslations, v and

i BOA8 = 8 o of 08 ooadd
oy oé " P
PR ¥ CAE Qe

[6063] Note that with suificient stitches, these relationships may Km an
pverdeterminegd svstem of motion consteaint equations, Using these equations as a starting paint,
msierical optimuzation oy be performed on the roational and anstational components of each
vamnera pose hased on the measured stitches,

found] b o decoupled optindzation, the rotational and translational components may
be independently optimized. This approach may genenadly be used where there are conslraints on
one component {for example, retasont tat do nol depend on the other component. Given g

candidate sef of Camera rotations, & (0, the corresponding candidate camera-to-camers rolations,

8 3, . The corresponding residual rotutions, which should be identity in an error free camera path,

A
aregiven by & o= R0k 5, 3 T A scalarvalued rotational cost fetion, o, may be

compuied that depends on the candidate cavera rotations:

~
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” B2 P T g \"' B ¥ . i
(&) # AR where 1 = log soth R nsing

fees] e equation (8}, fogeens, (R0 returns an axis-angle veotor, v, that corresponds to
the rotation 8. In other words, k&gsg{sj,{}’{i returns the vector, v, it has a cross-product matrix,
{vi, . that s the mainx logarithm of 8.

jo0n6]  Next, 2 similar sealar-valued cost fanction may be computed for translation
that deponds on the candidate rotations and translaiions,

Segeeins
]

{ 2 68 T joes v L A . T
& £ R con Te ot nonl owhere vl e T

{867] In one conventional, decoupled approach to solving thege simudtuneous
systems of sguations, the rotattonal ervor function may be comvertsd 10 @ graicrmon xpressikm
i order (o translate the namencal problem nte a lincar sestem of equations for solution, as
deserbed for example in Combining swo-view ponsirainis fir motion estimatfon, Govindu 'V,
Proc, of the it Confl an Computer Fision and Patizrn Recngnifion, vol, 2, pp, 218225 {laly
2608, While this approach may be nomerically conventond, 0 doeg not cafores the pait noom
constraint for the quaternion solution, which may reselt v inaccuracy, Thus i ene aspect, a pah
optimization techmigque may be improved by mumimizing cquaton (8) forrofanon as 3 nonlinear
optimization and minimizing equation {91 Tor transhation a3 @ Tmewr optimization. In suother
aspoct, the more corvpigationally efficient Hnoar svstern of equations may be wsed to gonerate aun
moitial estimate for an fterative optinization that uses non-lincar optimization.

jete8] More generadly, the decoupled approach deseribed above may il to provided
a truby optimal resull, & maxivwm-likelibood sonee, whore it cannot use information from the
fransiation portion of the stitches 1o dotermining rotation. Nonetheless, a substantial amown of

work i this Bedd sims o overcome the disadvantages of decoupled opumization, as desenbed for

example 3 solution for the regisiration o mudtiple 3D point sets wshog wsit qualernions,
Hememas K. and F. Shitt, Proe, BUCY 98, pp. 34-50 (hene 1998y Glabal registration: o
amdtipde 3 point sers via oprimization-orgemaniiodd. Krbshnae S, Lee PY., Moore LB,
YVenkatasubraomanan 5., Burographics Syap. Geometry Processing (20035} and Simnlianeous
registeanion o sudtiple corvespuading poist sets, Withams 1., Bonnamoun M., Computer Vision
and Image Undemstanding, voll 81 no. 1opp. 117142 (2000

{00691 In pne aspect disclosed heredn, @ coupled approsch to optimiization may nstead
be used to minkmive overall ervor 0 3 camera path. In ovder to achiove a coupled optivization 8
woighiing may be used to balance the contabudions of rotational and taoslational components to

anaibined cost funciiost
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Muliiple approaches may be wsed to welght the relative contribating of translations and
rotations. In one embodiment the weights may be oxprossed as mairices, with differend stliches
receiving different weightings based upon any of annmber of factors. For example, the weights
may b based on the nuinber of poinis e a stiteh {for examply, the shared content), the quality of
a paiculer tuee-dimensionsd mocasurement, andfor any other faciors impacting the known
rehabildy of o siitch, o one approach, the weight matvices may alse account fHr anisobopic comr
i the individad poinis collected, such as due to acquisition of depth infhoaation from disparity
frepvarements, which resalts in measurernent preciston that vanes wiil distance from the camera.

JOOT8] Tuosome cases, eguation (103 may be reformulated so that the soation and
translatton weights are decoupled for cach stitch (hat s, f’;f & i block diaponaly. In particular,
this may ovowr it the case that the motion stitehes are recovered from three-dimensional poimt
correspondences with otropic point error. In that case, for a given stteh 4, between poses 4 and
&, the optirnal soletion may bring the point cloud as seen from pose A {oto correspondence with

that seen from pose 8. 41 X ¢ and X ) are the positions of the center of the point cloud i the d

and B systems respectively, then  #) is replaced in equatton (10} wath the residual displacement

hetween the point-cloud conters based on the candidate camera pose, This laiter residual

displacement may be exprossed as

an = Ky (R KT

Egunticn (14 may thea be reformulated as:

wewker § 0w ¥ B
. . oo o F R T Py
() g fRe e Tone) = X (f,-,.:x.:,» W Fivar +5 Hf '_’

{071 o general, by mninizing equation {11, both rotational ercors and
ranshational crvors may be roinimized simulaneouste, The weight roatrices can be chosen for
exaraple according to “First Qrder Ervor Propagation of the Procrustes Method for 3D Antitude

> Tramsactions o Paitern Analysts and Machine Intelligence, Vol

Estineation” by Leo Doest, IEE
27, Ko I, pp 2219 (Feb, 20033 Once & more consistent set of motiog parameters has been
generied the three-dimensional mode! may be updated.

jei72)  When totad ervor or some pottion of ereor has been mindmized, the resulting

valpe may be evaloated. The cadibration siate of the scanner and associsted equipmend may be

evaluated hased on the minimized error values. I wiminimized emvor falls bevond a certam
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threshakd thes cabbration for the seanner and assootaied bardware may be reconunenided, The
theeshekd value s e opideatly deternrtned baged on the specific seaoney hardware cquipment
or it may be learned expericntially over ime for a given syalom. When @ system is now or has
been freshby sligned, expected mintmized ervor vahies may be ubtalined, Whee neinbmreed e
values deviate from these expeciad values, o calibration state evaluation flag rmay be sat
jndinatiog that the ool shosld be cabbrated, Thas v one aspeat, 3 coupled for prooapled) sror
fanction may be emploved 1o validute calibration and determine when re-calibration of 3 device is
appropriate,

{0073 As shown in step 722, upsampling may be performed to sugment a three-
dimensional model with data from non-key frames. In general, upsampling may inchude any
technigue for addition of data to 2 result. For example, while the global optimization described
ahove generally refers to optimization among key frames in a contiguous camera path, the
osulting optimized three-dimensional wodel may be supplemanicd by registering non-key fames
to one or rore neary ko fames s manner that creates smsdl, local reconstruction patches that

rwclude additional three-dimensional detast available from nonqkey frames. Or upsampling may
be porformed by correcting the corresponding camera path for non-key frames according to g
slobally optimized path for the key frames. Thus in one sepect, upsanapling may more genevally
he understood as any use of optintdzed data to incorporate related, non-optimdzed date into a
carnera path or Hwee-dimensional mndel

{074] Fig. 8 shows areconstruction process RUY psing numericgl optimization as
desenbed shove, In one aspoct, this optinuzation technigoee may be asefully apphed to mmimize
errors 2 camers path where spatal loks bebween oon-sequental camers poses (@
covrespondiog data seis psed to recover three-dimensional surlee data) can be identified. For
example, where @ scan path covers a buecad surfaes followed by an ocelusal or inguad surface,
many spatial Hoks might be ideotified botwesn non-continguous carpens path segments assoviated
with each surface. Under these conditions, « global optimization ray significantly wmprove the
avcursey of a three-dimensional reconstructon by reducing arvors in the motion estination
parametens for the camsra path. Bowill be understood that the disclosed msthod may also or
instead he cothodiaod i a compuier progrant, & compuier program product, of an apparaius
embodying any of the foregoing,

{6075]  As shown in step 802, the process may begin with acquiring data sets such as a
data sot from a surfpes of & dental object with 3 hand-hekl seanner fhom each one of 8 sequenee of
poses along a carncrs path, thereby providing a pluratity 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 amy other type ol hand-held scaoner suitable for intraoral dedal scanning. such as s inie-
of-flight scanner, & steactured Heht scanner, and so forth. The dada sets raay be any cormesponding
dutn acquired for cach camera pose that i used to recover three-dirmensional das,

jor7s] It should bewunderstond that dn this confext, the camers path mey conespond te
a physical camera path that describes the path actually taken by a seasner durtog 3 scaw, or the
samerd palt may slso or instead nchude 2 eirtirdd comera path formed frome @ plueality of diffeecot
plsical camera paths or other virtual camera paths that intersect with one another. Such g virtaal
eamers path may be ereated wherever poses from two or more physical paths can be inferreluied

in a global coordinate sosten, as established for example by three-dimensionally registering two

different scans of the same physical subject matter, The sse of virteal camera paths may be
particatarhy ugefol, for example, where a large scan sach as a full arch sean s created from data

sequired during two or more discontirauous scanning sessions. Under these conditions, global
optindzation of a virtaal camera path can be used o improve consisteney of the combined data in
a global coordinate systerm,

BO7T] As shown i step 804 cach ane of the poses in the sequence o pases sy be
associated with a provious pose and 3 next pose by a spalial Hok such as motion estimation
parameters or other camera path infommation. Tt should also be understood that while a systema
may infor camera path from the resaliing theoe-dimensional meassrements at cach camera
position and origntation, the camers path may also, or instead be obiained asing a hardwars-basd
positioning system based upon, for exarople, aceclorometers, 3 geopositioning system, oxtornal
postiion sensors, transducers i a articelating arm or any other combiaation of sensors and
techniguss sitable for detecting comen position andfor orentation with safficiont ascorsey fur
thy intended three-dimenstonst reconstruction.

FIOTSE  This spatial Huk duta reflocs the physical camers path inothe arder 6 which
dats was acqoired, thus providing a plarality of spatial links that characterize the camera path
during a data acquisition process, The sequence of poses may, Tor exarople, b made up ofkey
frames (or sequentis! pates of koy ramest as generally descdbed above, where additions] data
sty are acquired from one or roore additionad poses botween cach segquentiad pair of oy Trames,
Key frames may be usefully cowploved, Tor example, to reduce the compuiational complexity of
puth optimization while retaining a contiguous camers path of sequential puses, After path
optimization s complete, additionad three-dinmensional dada may be added bused upon the one or
move additional data sets and the one or more additionsd poses from bebween key frames. Ax
deseribed above, key frames nay be selected from a larger set of poses using @ metric (o evalyate

a quality of 3 resoliing three-dirmensional reconsruction, a guality of the estimated motion
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pammeters bebween poses, 3 degree of overlap in scxaned subject matter, a graph analysis o any
other asefud fechuiyee oy metie,

{0079 Axs shown i step 806, a least one non-sequential spatial Hnk may be dentifiad
hotween twa apa-seqeantial veds of the poses based upon the data st for cavh of the two nons

sooperdiad anes of the poses. Thes for cxwaple bvo dain sols fom. 2 bocesl and lngual sean

sent may be related to ose snother basad upon cameen position, the theee-dinwnstonal data
recovered from the respective data sets, or any other dats aequired during a scanning process. I
OnE dspect, ameine may be emploved to ideatify candidates for non-sequentiad spatiad Hoks, such
as a ratio of spatial distunce bebween two data sets to the fength of an intervening camera path.
Thus the nop-sequential spatia] Hink{s) may associgie two of the sequence of poses that are
separated by a substardially greater distance along the camera path than along the surfaee ofthe
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 detenmine @ swrtace position or by identifving an
overlap o the reconstructed three-dimensional duls obtained using the dada set for two son-
sequentind poses. This may aleo mlowde displaying aregion for ene o more candidate tinks v a
user nteriace and recoiving a supplemental scan of the region, as desoribed above for example
with refercsne to Fig

088 Asshows e step 808, a global motion opiimization may be perfonsed on the
camera path to minimize an ooy among the plurabity of spatial links and the at feast one non-
seguential spatial ek, therehy providing an opthoized caraera path, This may employ, for
examaple, any of the optimization technignes desoribed sbove. More generally, this may includes
anry fechiigue . for minkmizing errors o motion estimation panimeters expressed 8y 8 fmetion of
one of more of ntation, translabon, conplad rotation and framslanon, and decouplad rofation and
fransiation, andior any wehmgue for aligning the three-dimensional data reconstrpcted from the
dada sots in g plobal coordinate system or hmproving & consigioncy of the sequence of poses along
the camers padh in the global coordinue system,

I As shown i step 510, stlvee-dionsional moded of the deatal objedd may be
recomstrocted using kuown technigues based upen the optimized camwra path and e plurality of
data seds,

JO08Z] Thus by obsarving the actual camera paths fypical of intreoral dental scanning,
the apphicants have devised aproved fechniques for error minimization when camera path i
used for three-dumensionad  reconstouction. More speeifically, by observing thal intms-nmd
somming oficn cruploys 8 oumbey of adiecont, rclantvely straight glebad paths soch ax for lingual,

occlusel, and buccal surfaces (os dictuted in past by the relatively resivicted oral access o the
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relatively ege surfaces of dentition | and by obsorving thal indra~oral scanning regularly rofurns
torcarhior scan positions, he applivants have devised sn optiverzation iechnkge that takes
advantage ofthe spatial relationship between conain nonssequential frarees of data. The spprosch
deseribed above solves the problom of conflicting data for Jooal measuremenis by using s ereor

piinirnization techaigue that globally addve

5 the carper path, ncluding the intevrebaionsdip of
pan-sequiential frames of da, Thig mag be particulachy wsefil, for example for seans covering
gums, soft tssae, full arches, onthodontic components and the ke shere scanning @ large ared
tvpreally ontails muoltiple passes over vanious regions of the scanned surfhce,

[OOR3] #ig 9 isa flow chart of 4 hivbrid stitehing process for combining disparaic
three-dimensional scass of 2 canmmon surface. In scanning wechniques that ose 3 camera path Ry
reconstruction, the full scan date for an object may inchude any number of disparate scans with
vamera paths, or more generally stitch graphs, that wre not directly spatially related to one
another, The following process 900 provides s rechnique for esiablishing spatiad relationships
batween such stiteh graphs through # series of fooal geometry-based egistraiions. The resulting,
combined madel may then be subjected to any of the optimization fechniques desoribed above us
though o had been obirined frony x siagle, contranous scan,

f0084]  As shown dn sfop 902, the provess 900 may begin with obiaining a first three-
dimensional maodel including a fiest phuradity of frames of data, cach inchuding seits of throe-
dimensional points spatially related {0 one another by a finst camera path, It will be anderstoad
that a “camera path’ gonerally refors to a sequontal series of poses connectad by @ number of
seanstorms from one to the next. However, the camen path of the owodel rmay ewre geaerally
include any mumber of iferrelationships o stitches” betweon non-seguential poses that canbe
infemred from other spatial mformation such as overlapping regions of an objsct surface m the
accepanying saty of free-dinewsional points. In the foregoing description, tormg sooh as
camera path and stitch graph shoold be broadly interpreted o include any rigid vansformations
amdior other deserviptive duts that charoiorizes camers motion {and reliability thereof) b 2
manner that perosits path-based reconstrastion. of a three-dimensional surface. Step 902 may also
include obiadning a second three-dbmensional model including a second pluralily of frames of
dain, cach including sots of three-dimensional points spatially related one another by @ second
camera path. The second model pway, for example, be obtained afler a first sown s sutomatically
or manually iterrupied, or affer a first scan i3 completed and additional data s required or
desired, either by @ user or inresponse (o prompting from a scanning sysiem as sontempiated

above, More gonerally, the second threo-dimeosional model oy be any disparate data el that is
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aot divestly spatially refated to the firsd fluce-dintensional nwdel through 2 single sean or camens
path.

[6OBS]  Ax shown in step 904 one of the fist plurality of sets of three-dimensional
pointy may b registered o ooe o the sccond pheality of sets of three-dimensional points. This
regisization may wse an Horative closest point slgorithin, image-based registratinn or any suitable
techrigne for three-dimensiosal registntion of poigs wudioe sorfaces. Iy ooe aspest, & swrface
mesh may be obfained for use iy the registration process. Thus a sorface mesh of the first and
second plarality of sets ofthree-dimensional points may be generated with @ mesh generation
algorithm to obtain polygonal surface representations ol cach model (or portions thereof). This
may generally inclode generating a surfuce mesh of the entire first and second models, ora
kiown overlapping surface of the Tirst and second data seis, or 3 neighborhood swrrounding &
koown common surface, or each of the entire first and second medels. The resulting first surface
mesh and second surface mosh may then be registered to one another using any suitable
tochnigues, rosulting m a koown, rigid tanstboostion between the first mode! and the second
maded {or between the first swrface mesh from the st model and the second surface mesh from
the sceond modal}. As arvesudt of this spatial relationship, the first three-dinsensional made! and
the secoumd Huee-dinensiond model canbe placed 1o a shared coordinate syster that peonits
subseguent processing ssing data from bt oodels a3 a combined surface,

{086 Asshown m stop G406, the process 900 may melude creating 8 virtual stitch
graph that spatially relates mdivideal ones of the Hrst phyrality of sets and the second plerality of

sets using virtual stifches between the data sets, thereby providing a combined model that

7

includes the first phoslity of sets andthe second plurality of sets olf spatially refated by the virnad

e

stitch graph. Numerous technigoes may be employved for synthesizing a vivtual stich graph 1o
imer-relate the models. The details of one particular approach wee provided below with reference
ta Fig, 10, It will be appreciated that the teran virtual' as used in this context s intended to
distingislh models nsing data from swiliiple disparate scans. Thus winle the source of data
{mohiple carnors pathsd used to caleolate Siroal siiches” andifor viviual stiteh graphs roay be
differcat o the data (single camera paths) used to calewdste other stiiches and graphs, the
resuliing data can advantageously be provided i a form for use intorchangeably with and
pndistinguishable from dats deaved from a single scan. As guch, in a preforred embodisent,
there may he little to distinguish a Svirtaal' stiteh or avirtugd stitch graph from those that are not
virtuad, exeept perhaps for their absence from the tve or more disparate madels from which they

were dertved.
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JOBRT] As shown in step 908, the process P00 may inchude refining the combined

miodel with a3 global yeotion optimization of the virtual stiteh graph. With « single virwsad stitch
graph that wter-rolates all of the datg from cach of the disparate sels (soguired from different
seans), any of the global motion optimizstion fechniques deseribed above may e suitable
crploved 1o minimize ervors ou 2 stitch-by-stich basis among the combised datg sets. o one
aspest, this optmdiamtion ncldes 3 deformable registraton where, as distvgutshed fom
calculating error-mainimized rigid wanglormations, each stiteh or step of the camera path can be
mwoved spatially to mindrmze global error. Thus m one aspect, the process 908 inclodes refining
the combined model with @ deformable registration,

f0088] Asshown i step 910, the combined model may be stored andior displayed.
This may wmclude, for example, displaying the combined model &t « chafeside seanning location or
a dental faboratory, The combined mode! may also be stored locally at 3 scanner site, o
transmniited to & contral repository for project menagement including, without Hmitation, billing,
gualify sssurance, and scheduling fabrication of a dondal objodt af a dendal laboratory. The
orighad source dats from the disparate scans (for example, disparate camon pailis, fames of
urtage data, ote.y may be retained for further processing or for evaluation of the combinad madel,
or the sowree dais sy be deleted onee the combnoed model ¢ obained.

{089 Fig. s a flow chart of a process Tor oreating of & virtusl stiteh peaph. in the
following deseripiion, it is assume that two dispacsie thres-dimensional models are providesd,
cach obtained from 3 sequence of frames of data spattally redated by 2 camers path as gonerally

deseribad above, and that the two models have been egistered to establish an initial nigid

iransformation between them, It will be apprecidied that modifieations or adaptations of the
foregeing may be appropriate where other three-dimensional seaoning technkpes are enployed

of where three or more disparate data sets are conowrrently reconciied, all of which iy inteaded to
fall within the scope of this disclosure.

{00 Ayv shown in step 1002, the process 100U may Include selecting overlapping
dheds sets. This moay for casmple, ehade sclocting o frgt sedected one of the Tt plurality of sas
argd a secomd selected one of the second plurality of sets that overlap on the combined suethce
obtainad from the conrse registeation desebad above with reference {o Fig 9. An nitial selection
of one ofthe first or sveond phermlity of sots may be, for example, a random selection or g
pammetenzed selection based on, for cxample, location within the first or secood meshes or
prioximiy to 3 controid or other feature of interest in the combined or sopavate surfaces,

fen1] Al of the frames or sets of data from the first plerality of sets (for example, the

first model) i a netghborhood about the first selecied one may then alse be selected forase as a
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focal processing wweighborhood. This may, for example, be all sets of data within o cortain numher
of stitches away, such ag sl sels within five stdches, or a cortaln pumber of sieps along a camera
path, I ovder to reduce redondant processing, the sas within this focal processing neighborbood
myay aptionally be marked or otherwine identified as ynavatdable fox fiture processing affer the
tocal hybrid stitching operations of the process 1000 are complated. Uxing the coarse regisfration
of surface wmeshes, one o the secomd phumiity of sets {(for example, « frame foo the second
model} may be selected that is near (or nearest) 1o the focal processing nedghborhood., Al 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 seis may then be identified in @ similar manner to the
selection of the local processing neighborbood, for example, by selecting frames or sets of data i
the second plurality of sets of data that are within a cortain number of stitches or sequentiad

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 extand n npnerons diveotions from & uagle camers posad
can provide o significant processing advantage over a camers path {of individual taasforms from

ape camera pose to the noxi) by affording more optivas for coverage of relevant regivns of 8
surface of an object.

f3092] The selection of focal processing neighborhoods for frames from the first and
second plumbite of deta sots oy be frther refined, such as by regivicting o prohibiney use of
data sets owside 3 surface or region common {o the two neighborhoods,

P93 Asshows It step 1004, data may be opfimized m the local processing
neighborhoods. For oxample, where cach dats set is represented by a cumera path or stiteh graph
that inter-relates seis of three-dirsensiongl points throngh 2 sequence of camers poses or the Bike,
a sub-graph of the comera path or stiteh graph may be wlected For each of the models that oaly
comzing data {Frames or sots of theee-dimensional daty points, ahong with stiiches or camers path
information) from within the focal procesging neighborhoods. This approach advantageousty
rentoves the ifluence of data external to the local processing nsighborbonds. At tids point in the
processing, the data sl geoerslly comprises two disparate models - in this cage, sub-graphs of
the full data set - that are assonlated by o stogle righd sransform obtained from the coase
registration of surface meshes. This dala may be further optimized prior to hwbed stitehing by, for
examaple, performing a global motion optimization (as deseribed above) on sach of the witraeied

sibegrapbs. Wil the sub-poaphs so optioized, the registration between the two sub-graphs may
he refined by repoading an Hovatbve closest point algorithm or other saitable regisivation procsss
for the two point clowds represented by the optimized sub-graphs, While this approach 1o

opiinization is effective It @ three-dimensional surflice reconsiruction based upon camera poths,
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it will e approciated that @ varkety of other optimizations are knoven in the avt for three-
dimersional reconstructions, any of which sy be adapted to optisdzation of'the tocal processing
acighborhonds contomplated berein

JOR4] As shown i step 1006, Hoks for a vivtual stiteh geaph {also refored o as
hybrid or vivtual' stitehes) may be created. This may inchude finding & frame from cach of the
two sub-graphs closest o a centreid of e overlapping regton betweeen the two sub-graphs. These
two frames may Ben be directly spatally related to one ancther by 8 rigid tansformation, which
ey be a newly calealaied dgid wansformation ar a refinement of the ngid ransformation
obfained 1 the aptimuzation steps deseribed above, Using this sansformation, data from e two
sub-graphs nay be transposed inte a coramon coordinate system, such as the original coordinate

systent of one of the sub-graphs, This wmay be repeated for onge or more other frames of data i the
two sub-graphs to provide anomber of divect spatial relaiionships or 'virtual stitches’ between
fravnes i the firet sub-graph and fhames in the second sub-graph. These relstionships may b used
divectly as stitches in a combinad, vittual stitich graph, or further processed as appropriate to
express these new relationships i the same form as existing sitiches in the stitch gaphs or
camera paths of the initial models.

[0095]  In order to fecilitafe conourrend processing of the actual sifiches in the original
mededs and the viriual stitches crested for the vivtaal stiich graph that sonbines the models,
additional characterizing data may be dnchided in each virtual ok, For example, @ covariancs
matrix that weights confidence v each Bak aceording to multiple degrees of fresdom {for

example, six degrees of freedom for full cunslation and rotation} may be provided, While such a

covariance matrty resulis from, for example, the terative closest point registration process, the
wse of a particular foos is lesy signtficant thaa sofficient commonahty butween the expresston of
actusl sttfches and the virtual stitches for undifferentivted processing of data from both souress in

3 combinad maoded,

JOURE] Ax shows i step 1008, ifthere are additional neighborhoods of overlapping
duta to be locally optimized, the process may refurn 1o step 1002 where additions] ovedapping
dety sets can be selented to create additions! virtual bnks. This may be ropeated as ofton as

essary oF desired. 1 there are no furthey local neighborboods for processing, or i some other
feonnation condition such as a threshold oumber of virtual links or porcentuge coverage of the
full surface aren of the comabined moded has been reached, then the process 1000 may prosced to
slep HITO

{0097 As shoam in step 1010, @ combined rmodel may be created that combines the

actual stitch grapls from the two originad models and the virtual stitches established between the

t4
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wo models as desoribad above. Tn addition, say number of additional virfual stitches may be
added based upon other dafs i the global maodeds {as distinguished from the local provessing
neighborhoods), such as nearly Wenticad andfor substantially co-located data sets i the first and

second muodels, n addition, the combined model may be anal far completeness and to

iderddy further opportenities for cslablishing additionsd stiiches botweesn data ety oither with or
setihiout rogard for whethey the data sets are from the Bost mndel or the second maodel.

[0098]  As shown w ostep 1012, the combined model may be optimized wsing, for
example, global motion optimization as desoribed above to mininaze errors i the transfonmations
between related camers poses of the combined model {(ss distinguished {from cither of the original
stiteh graphs or camers pathsh

0099 As shown in stop 1014, a8 point cloud may be gonerated for the comnbinad
muadel that places all of the three-dimensional points of the combined mindel inte a single,
common coordinate systent,

[RGI08]  As shown dp step 1016, a surfhee mesh may b gonersted for the point clond
uging say suitable sorface meeshing techaigues. The maded may also be stoved, displayed,
tmnsmnitted or otherwise provessad or handled s generally contenplated by the {oregoing
deseription.

[BOIOI] I will be appreciatad that any of the above systorn andfor methods may be
reatized fn hardware, software, or sny combination of these suitable for the daw scquisttion and
modeling technologies desoribed herein, This includes realization in one or more
microprovessors, microcontrollars, embedded microcontrollers, programmable digital signd
pracessors or other prograsmmable devices, along with internal andior external memory. The may
alvo, or instead, mehide one o more apphication specific ntegrated cironils, programmable gake
avays, programmebly aray logiv components, of aay ether device or devices that may he
configured o process clectronic signals, Bowill further be approciaied that a roslization may

inclunde computer execuiable code oreated using a structed progranuning languaze such a3 CL @

objcet oriented programming menaye such as Co4, o any other high-leved ar kewe-eved

prograramming mguage (ncluling assembly laopuages, hardware deseription laguages

datshase programming Janguages and technologies) that may be stored, compiled or interproted 1o

run on one of the sbove devices, as well ag botergoneous combinations of processors, processer

architectares, o cambinations of different hardwarse and software. Thas in oo aspect there s
diselosed herein 3 compuider program product comprising sompater execatable code that, when
EXesuiing on one o more computing devices, porforms any andfor @l of the steps deseribed

ghowe,
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PO At the smve e, provessing omy be distribited across devices such asa
canwrs wdior computer andfor fabrdeation facility andfor dental Iaboratory andior server in a
aundier of ways of all of the funchionalily may beistegeatad nto s dedicaied, standslone device,

FOH103] Iy snothey 3xpedt; 8 systeny disclosed Borein inchades means stch oy any of the
stryetures desenbed above for performing the functions expressed or impliad in the Bow charts
arad other portions of the ahove descnption,

FO0104] Al such permutations and combinations that would by apparent to one of
ordinary skl i the art are intended to il within the scope of the present disclosure, which along

with the claims is infended to be interpreted i the broadest sense allowable by law,
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CLAIMS

What s claimed s

i A roethod compriging:

ebfadvivg 2 firdd theee-dimensional modet jactuding a firgt phoadity of sets of threp-
dimensicnad points spetially related to one another by a fivst camers path

obtainlty 3 second three-dimensional model 1octnding 2 second plorality of sets of three-
dimensional pointy spattatly related to one another by a second camera pathy

registening one of the first plurality of sets of three-dimensional potnts to one of the
second plurality of sets of three-dbnensional points to place the first three-dimensional model and
the second three-dimensional model in a shared eoordinate systom;

creating & virtual stitch graph that spatiatly relates the first phualbity of sets and the seeond
plurality of sets, thereby providing s combined mode! that inchudes the first plarality of ses and
the second phirality of sets all spatiadly related by the virtual stiteh graplhy and

refining the combined model with 1 global meotion optitnization of the virtual stitch

araph.
2. The method of claim | further comprising gencrating & fivst surface mwesh of the first

threc-dimensional model and a scoond surface mesh of the second three-dirnemional madel,

3. The neethed of claim 2 whereln registeriay inchades registering the firg swhace mesh to

the second surface mesh, therehy providing @ combined surlice.

&, The method of claim 3 whereln registering inchudes registering with an terative closest

point algorithm,

3. The method of claim 3 Darther conyprising selocting w first sclected one of the first
plurality of seis and a seeond selecied one of the secoond plurality of sets that overlap on the

combined surface.

5. The method of claim S whersin at least coe of the first selocted one and the second,

selected one s 6 set of dues-dirnensiona] data closest o a centroid of the contbined sorface.

30
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The method of clato 3 fiwther comprising caleulating a rigid transformation and 2 moun

srror betweoen the Hirsi selected e and the second selecied wne,

8. The method of olain 7 fucther comprising selecting a fivst oeighborhand of the first
plavality of sets from sbout the one of the fist plarality of sety and o second neighbothood ofthe

second plarality of séts Troon aboot the ome of the second plorality of sen.

. The method of claim § further comprising:

extracting a sub-region of the combined surflee;

spatially relating two or more of the first plorality of sets to two or more of the second
plarality of sets within the sub-region to provide a virtuad stitch graph: and

mmmnzing an error among spatial relationships i the virtual stitch graph, theveby

providing a combined data set for the sub-region.

1 The method of olaim 9 further comprising oresiing st least one virtual stiteh bebween two

unstitched ones of the first phursdity of sets,

11 The method of clabm | further cemprising refining the combined moded with ¢

deformable registration.

iz A computer program product comprising compruicr sxecutable code smbodied o @ non-
teansiiory comprder readable medien that, when execating on one o more compating devioes,
performs the steps off

obtatmog o st three-dimensional model inchading « Gt plurality of gets of e
dimensional points spatially reluted to one another by u first camera path;

ohtaining « secordd theee-dimensional model inchuding « second plurality of sets of theee-

dimensionsl poinis spatially related to ooe another by o sevond camers pathy;

reglaioring one of the fisst plurality of sets of threo-dimensiond poinis to one of the
sovonnd plurality of sets of three-dimensional poinis to place the first theee-dimensional model and
the gecond throo-dimensional moded a shared coordinade sysiem:

creating & vitual stiich graph that spatially relates the first plurnahity of sets and the second
plovality of sets, therehy providing a combined model tha incledes the Gt plasality of setx and

the secend plurality of sets all spatally related by the virtual siitch graph; and

k3]
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refining the contbined pwde! with & global motion optimization of the virtual stiteh

araph.
13, The commuer program product of cluin 12 fucther comprising code that pertoons the

step of generating a fiest surfiee mesh of the first three-dimensional model and a sccond surface

ntesh of the secand three-dimensional model.

14, The computer progrant product of claim 13 wherein registering includes regisiering the

st surface mesh to the seeond surface mesh, thereby providing a combined sarface.
first surface mesh to the second surface mesh, thereby providing a combined surf

15, The computey program product of claim b4 wherein registering Inclodes registering with

g Wevative closest point algorithm,

16. The computer program product of olaine J4 further coraprising code that performs the
step of solecting & Best selected one of the first pharglity of sots and a second seleated one ofthe

seeond pharality of sets that overlap on the combined surface.

1% The camputer progeam product of clato 16 wherein af least one of the first selected ooe
and the second selected one is a set of thwee-dimensionsd data closest 1o a centroid of the

combined surface,

I8 The computer program praduct of claim 16 Turther comprising sode that perfooms the
step of caloulating 8 rigid tansformation and 8 mean eoor between the ot selected one and the

second selected one.

i9 The computer program product of clapn 18 further comprising code that perforns the
step of selecting a first neighborheod of the first phurality of sets from abowt the one of the firs
plorstity of sets and a second neighborhood of the second plurality of ses front shout e one of

b

the second pluralily of sets.

A The computer program product of olaim 19 further comprising code that perfouns the
steps oft

extvacting 2 sub-region of the combined swefacg
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spaitally relsting two or more of the first plurality of sets to two or more of the sscond
plurality of seis within the sub-region fo provide & virtual stitch graph; and
mininyzing an orror wvong spatial relationships by the virtugd stiteh graph, therely

prosidiog & corabined daty set for the wob-region,

2L The computer prograns product of claba 20 further comprising code that perfones the
step of creating at least one virtual stitch betwesy two onstitched ones of the fivst plovality of ssis
22, The computer prograns product of clabm 12 further comprising code that performs the

step of refining the combined model with a detormable registration,

23 A systan comprising

a scamner configured to obtain & first theve-dimensional model inchuding a first plurality
of sots of Hheee-dimensional points spatially relaied 10 one another by & st camera path and a
second three-dimensionsl wmodel including a second plurality of sots of three-dimensional points
spatially related with one another by 2 second camers patin

aprocess and memory condigured to register one of the firdd pluralily of seis of three-
dimensional points to ome of the second plavality of sety of three~dimensional points to place the

first three~-dbuensionad madel and the second hree-dimensional model in a shared coordinate

system, to oreate @ virtual stitch geaph that spatially rolates the fiost plorality of sots and the
second plurality of sets, thersby providing a combined model that imcludes the first pluraliny of
sety and the second plurality of seis alf spatially reluted by the virtudd stiteh graph, snd to refine
the comtbined model with 2 global motion opthmization of the virtual stitch graph; and

a display configured to render the combined model.

3
2

A systent comprising:
seunning eeans for obtaining 8 first three-dimensional mode! nchiding 2 first plurality of
sty of Suee-dimensional points spatially refated 1o one another by & first camers path and 3
soconnd three-dimensional model inchuding a second plurality of seis of three-dinnensional poinds
spatially relsted with one another by a second camera path; and

processing pwans for registering one ofthe fivst pluralily of seis of three-dimensional
poims o ane of the second phaality of sets of three-dimensional points to place the firg three-
dimensional model and the second three-dimensiora] model m a shared coordinate system,

cresting a virtaat stiteh greph that spadally relates the first plurality of sots and the sesond

33
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pluraline of seis, thereby providing 8 combined mode! that noludes the fest plusality of sets aad
the second plurality of sets o spatially reluied by the virtual stitch graph, and refining the

combined model with a global motion optimization of'the virtual stiteh graph.
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Applicant

3M INNOVATIVE PROPERTIES COMPANY et al

This International scarch report has been prepared by this International Searching Authiority and is transmitted to the applicant according
to Article 18. A copy is being transmitted to the Intemattonal Burcau.

This international search report consists of a total of 3 sheets.

D It is also accompanied by a copy of each prior art document cited in this report.

1. Basis of the report
a. With regard to the language. the international search was carried out on the basis of
the international application in the language in which it was filed

D a translation of the intemational application into ' . which is the language of a
translation furnished for the purposcs of international search (Rules 12.3(a) and 23.1(b))

b. D This international search report has been established taking into account the rectification of an obvious mistake
authorized by or notified to this Authority under Rule 91 (Rule 43.6b:is(a)).

c. D With regard to any nucleotide and/or amino acid sequence disclosed in the international application. sce Box No. 1.
2. D Certain claims were found unsearchable (Sce Box No. I)

3 [ ] Unity of invention is tacking (Sce Box No. I11)

4. With regard to the title,
the text is approved as submitted by the applicant.
D the text has been established by this Authority to read as follows:

5. Withregard to the abstract,
the text is approved as submutted by the applicant.
D the text has been cstablished, according to Rule 38.2, by this Authority as it appears in Box No IV The applicant

may, within one month from the date of mailing of this international search report, submit comments to this Authority.

6. With regard to the drawings,
a. the figure of the drawings to be published with the abstract is Figure No. 7
as suggested by the applicant.
D as selected by this Authonity, because the applicant failed to suggest a figure.

D as sclected by this Authority, because this figure better characterizes the invention.

b. D none of the figure is to be published with the abstract.
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According to International Patent Classification (IPC) or to both national classification and [PC
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A US 2003-0151604 Al (ARIE E. KAUFMAN et al.) 14 August 2003 1-26
See abstract. paragraph [0029], claims 1-15. and figures 1-4.
A US 2010-0066364 Al (HUWER STEFAN et al.) 18 March 2010 1-26
Sce abstract. paragraphs {0047]1-[0052]. cla:ms 1-9. and figures 1.2.
A US 2006-0139470 AL (STEVEN MCGOWAN) 29 June 2006 1-26
See abstract. paragraphs [00291-[0032}. claims 14-16. and figure 5.
A US 05410614 A (CHOU: SHENG-LT et al.) 25 April 1995 1-26

D Further documents are listed in the continuation of Box C.

Sec patent family annex.

Special categones of cited documents

"A" document defining the general state of the art which 1s not considered
10 be of particular relevance

“E" - earlier application or patent but published on or after the internationai
filing date .

"L"  document which may throw doubts on priority claim(s) or which 1s
cited to establish the publication date of citation or other
speciai reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later

than the priority date claimed

"I later document published after the international filing date or priority
date and not 1n conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance. the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" documentof particular relevance. the claimed invention cannot be
considered to involve an ventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilied in the art

"&" document member of the same patent family

Date of the actual completion of the international scarch

20 AUGUST 2012 (20.08.2012)

Date of mailing of the international scarch report

22 AUGUST 2012 (22.08.2012)

Name and mailing address of the ISA/KR

Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon Metropolitan
City, 302-701, Republic of Korea

Facsimilc No. 82-42-472-7140

Authorized officer
KIM Tac Hoon

Telecphone No.  82-42-481-5728
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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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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
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to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections

Inventor(s)
James H. McQueston, Winchester, MA;
llya A. Kriveshko, Littleton, MA;
Applicant(s)
James H. McQueston, Winchester, MA;
llya A. Kriveshko, Littleton, MA;
Assignment For Published Patent Application
3M INNOVATIVE PROPERTIES COMPANY, St. Paul, MN

Power of Attorney: The patent practitioners associated with Customer Number 32692

Domestic Priority data as claimed by applicant
This application is a 371 of PCT/US2012/025548 02/17/2012
which claims benefit of 61/445,499 02/22/2011

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access - A proper Authorization to Permit Access to Application by Participating Offices
(PTO/SB/39 or its equivalent) has been received by the USPTO.

If Required, Foreign Filing License Granted: 09/05/2013
The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 14/000,446
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Projected Publication Date: 12/19/2013
Non-Publication Request: No

Early Publication Request: No
Title

SPACE CARVING IN 3D DATA ACQUISITION

Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for 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).
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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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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 14/000,446
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)) 26 minus 20= 6 OR |« 80 - 480
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 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 2380
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) 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
(For use with Form PTO/SB/06)

Application Number

14000446

Filing Date

Applicant(s) JAMES MCQUESTON

* 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 1 75
26 1 76
27 77
28 78
29 79
30 80
31 81
32 82
33 83
34 84
35 85
36 86
37 87
38 88
39 89
40 90
41 91
42 92
43 93
44 94
45 95
46 96
47 97
48 98
49 99
50 100

Total Indep 4 0 0

Total 22 ‘J 0 ‘J 0 ‘J

Depend

N N N
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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 67368U5004

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

INTERNATIONAL APPLICATION NO. | INTERNATIONAL FILING DATE | PRIORITY DATE CLAIMED
PCT/US2012/025548 February 17, 2012 February 22, 2011

TITLE OF INVENTION
Space Carving in 3D Data Acquisition

APPLICANT(S) FOR DO/EO/US
James H. McQueston, llya A. Kriveshko

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: -183—2692




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

INTERNATIONAL APPN. NO.:

ATTORNEY'S DOCKET NO.:

PCT/US2012/025548 67368US004
The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use
Only
21. X Basic national fee (37 CFR 1.492(8))......cceveurrrurnieeeererereeiiieeeeeeeeeiiaieaeaeees $280 280
22. XI 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
PN oY T T 0 =i PPN $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).....cvvvveneenns 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 (U= i o PN $600
l TOTAL OF 21,22 and 23= $1,480.00
Additional fee for specification and drawings filed in paper over 100 sheets (excluding
D sequence or computer program listing fied in an electronic medium). The fee is $400 foreach
additional 50 sheets of paper or fractionthereof.
Fee Calc Number Filed Minus 100 Divide by 50 Calc.Extra e:{:;ed,(lf‘;ro) Fees
Application 33 100 50 0 $400.00 $0.00
Size Fee
Surcharge of $140.00 for furnishing the oath or declaration later than 30 months from the $0.00
earliest claimed priority date (37 CFR § 1.492(e)).
CLAIMS NUMBER FILED EXTRA RATE Fees
T otal claim s 26 -20 = 6 x $80.00 480.00
Independent claims 4 - 3= 1 x $420.00 420.00
Add'l fee forone or more multiple dependentclaims $780.00 $0.00
Total Amount Due $2,380.00
D Applicant claims small entity status. See 37 CFR § 1.27. $0.00
The fees indicated above are reduced by 1/2.
SUBTOTAL = $2,380.00
Processing fee of $140.00 forfurnishing the English translation later than 30 months from $0.00
the earliest priority date (37 CFR § 1.492(f)).
TOTAL NATIONAL FEE = $2,380.00
Fee for recording the enclosed assignment (837 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 = $2,380.00
Amount to be
refunded:
Amountto be $2,380.00
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

Please charge to Deposit Account No. 13-3723 any fees under 37 CFR §§ 1.16 and 1.17, which may be required
to file and during the entire pendency of this application. This authorization includes the fee for any necessary
extension of time under 37 CFR § 1.136(a). To the extent any such extension should become necessary, it is
hereby requested. Please credit any overpayment to the same deposit account.

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:

1432692




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 67368U5004

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

INTERNATIONAL APPLICATION NO. | INTERNATIONAL FILING DATE | PRIORITY DATE CLAIMED
PCT/US2012/025548 February 17, 2012 February 22, 2011

TITLE OF INVENTION
Space Carving in 3D Data Acquisition

APPLICANT(S) FOR DO/EO/US
James H. McQueston, llya A. Kriveshko

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

INTERNATIONAL APPN. NO.:

ATTORNEY'S DOCKET NO.:

PCT/US2012/025548 67368US004
The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use
Only
21. X Basic national fee (37 CFR 1.492(8))......cceveurrrurnieeeererereeiiieeeeeeeeeiiaieaeaeees $280 280
22. XI 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
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l TOTAL OF 21,22 and 23= $1,480.00
Additional fee for specification and drawings filed in paper over 100 sheets (excluding
D sequence or computer program listing fied in an electronic medium). The fee is $400 foreach
additional 50 sheets of paper or fractionthereof.
Fee Calc Number Filed Minus 100 Divide by 50 Calc.Extra e:{:;ed,(lf‘;ro) Fees
Application 33 100 50 0 $400.00 $0.00
Size Fee
Surcharge of $140.00 for furnishing the oath or declaration later than 30 months from the $0.00
earliest claimed priority date (37 CFR § 1.492(e)).
CLAIMS NUMBER FILED EXTRA RATE Fees
T otal claim s 26 -20 = 6 x $80.00 480.00
Independent claims 4 - 3= 1 x $420.00 420.00
Add'l fee forone or more multiple dependentclaims $780.00 $0.00
Total Amount Due $2,380.00
D Applicant claims small entity status. See 37 CFR § 1.27. $0.00
The fees indicated above are reduced by 1/2.
SUBTOTAL = $2,380.00
Processing fee of $140.00 forfurnishing the English translation later than 30 months from $0.00
the earliest priority date (37 CFR § 1.492(f)).
TOTAL NATIONAL FEE = $2,380.00
Fee for recording the enclosed assignment (837 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 = $2,380.00
Amount to be
refunded:
Amountto be $2,380.00
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

Please charge to Deposit Account No. 13-3723 any fees under 37 CFR §§ 1.16 and 1.17, which may be required
to file and during the entire pendency of this application. This authorization includes the fee for any necessary
extension of time under 37 CFR § 1.136(a). To the extent any such extension should become necessary, it is
hereby requested. Please credit any overpayment to the same deposit account.

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:

1432692




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 | 67368US004
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | SPACE CARVING IN 3D DATA ACQUISITION

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2

Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
[] 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
JAMES H. MCQUESTON

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

City | WINCHESTER 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
ILYA A KRIVESHKO

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

City | LITTLETON 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 | 67368US004

Application Data Sheet 37 CFR 1.76 —
Application Number

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION

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

Customer Number 32692

Email Address | AddEmail |  [Remove Email

Application Information:

Title of the Invention SPACE CARVING IN 3D DATA ACQUISITION

Attorney Docket Number| 67368US004 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/US2012/025548 2012-02-17
Prior Application Status | Expired
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Attorney Docket Number | 67368US004

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD)
PCT/US2012/025548 non provisional of 61445499 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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Application Number

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION

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

the Japan Patent Office (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

-191-

EFS Web 2.2.6



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 | 67368US004

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention SPACE CARVING IN 3D DATA ACQUISITION

Email Address

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

Non-Applicant Assignee Information:

Providing assignment information in this section does not subsitute for compliance with any requirement of part 3 of 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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Application Number
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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 No: 67358U8004
DECLAR&Y!QN AND POWER OF ATTORNEY, First Named inventor: | James H. McQueston
FORUTILITY OR DESIGHN T COMPLETE If KNOWN
PATENT APFL!CATEG& {37 CFR § 1.63) :
Applcation No.
B Dedaration Submitted [ 1 Declaration Submitted after Filing Date:
with Initiad Filing Initial Filing (surcharge 37 CFR . 6 .
rrrrrr § 1.16(e) required) Confirmation: No.:

As a below named inventor, [ hereby declare that my residence, miaiiing address, and cilizenship are as steled below next to iy
name, and that | believe t am an original, first, and sole inventor (f only one name ig fisted below} or an original, first, and joint
inventor {if plural names are listed below) of the subject matter which is claimed and for which a patent is sought on the inventicn
antited:

- T SPACE CARVING IN 23D DATA ACQUISITION §.
The specificalion of which
73 is attached heretp:;

[ was filed on ] E
as United States Application No, [

B i idertified as PCT intemationst Application No. T PCTIUS 2012025548 :
filed on’ February 17, 2012
and was ammended on | - }f applicabley.

{ hereby state that | have reviewed and understand the contents of the above-identified specification, including the claims, as
amended by any amendmient specifically referred 1o above.

b acknowledge the duty fo disclose all information known o me 1o be material to patentability as defined in 37 CFR'§ 1.86, intluding
for continuation-in-part applications, matleral information which became avaiiable between the filing date of the prior application and
the nationalor PCT international filing date of the continuation-in-part application.

{ hereby claim foreign prionity benefits under 35 USC &% 119(a)-(d) or {f}, or 385{(k) of any oreign application{s] Tor patent, inventor's
or plant breeder’s rights certificate(s), or 385(a) of any PCT international application which designated at lsast one country other than
the United States of America, listed below and have also identified below, by checking the box, any foreign application for paters,
inventor's or plant breéder's rights certificate(s), or any PCT intérnational application having a filing date before that of the appiication
on-which priority is claimed.

Prior Foreign Foreign Filing Date | Prigrity NOT Certifiec Copy Attached

Application Ne. Couniry {MMIDDIYY YY) Claimed YES NG

I

300
0

{ hereby appoint Practiioners at Customer Number 32682 as my attorneys andfor agents with full powers {including the powers of
appointment, subslilution, and revocation) o prosecufe this applicalion and any division, continuation, confinuatipr-in-pan.
reexamjnation, of reissue thereof, and to transact all business in the U.S. Patent and Trademark Office connecled therewith.

Customer Number for ;
Fractitioner of Record: 32§§2

! also appoint the following Practiioners as my attorneys andior agents with full powers (including the powers of appointment,
subshiution. and revocalion} to-prosecite this application and any division, continuation, continuation-in-part; resxamination, or
reissuge thereef, and to transact all business in the U.S. Patent and Trademark Office connected therewith: None

Uectaration and Power of Attomey Page 1uf2 CaseNo.: BTIBRUSHRS
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The mailing address and the telephone number of the abovesidentified atforneys andfor agents are that of Customer No. 328692,
intsiries regarding this application can be made fo

Attention: Lance L. Vietzke

Office of Inteliectual Properly Counsel
. 3 Innovative Properting Company

Telephone No.: 851-737-2180

{ hereby declare that all statements made herein of my own knowledge are frue and that all statemenis made on ibformation and
balief are believed to be true: and further that these statements were made with the krowiedge that willful false siaterments and the
like 50 made are punishable by fine or imgrisonment, or both, under 18 USGC § 1001 and thal such wiliful false statemente may
jsopardize the validity of the application o any patent issued thereon,

NAME OF SOLE OR FIRST INVENTOR: E A petition'nas been filed for this unsigred inventor.
Given Name (first and migddie 1§ anvly Famidy Name of Sumame:
James H. McQueston
inventor's oiqr?kl?‘ \‘ 7 o Date:

7 ¢ ?L ¥ F, 200
S % /(Q@Mm fugust Fy 2015

Residesce:” Country: Citizenship:
Wmches{er “ﬁf sachusetts USA United States of America
iniiing Address: h

PO Box 33427, 5t Paul, Minnesota §5133-3427, USA

MARE QF JOINT NVSNTOR FANY! | [ 1 A petition has been fled for this unsigned inventor,
Given Name (first and middle [(Fanwl); - Family Name or Surname;
Hhva &, Kriveshko
Inventer's Signature; D Date:
Residence: T T Courttry: Citizenshig:
Littleton, Massachusetls UsSA United States of Americe

Maiting Address:
{ PO, Box 33427, St Paul, Minnesota 55133-3427, USA

Declaration and Power of Altorney Page 202 Case No. B7IEBRLIRNNS
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| Case No: | 67368US004
DECLARATION AND POWER OF ATTORNEY, , e
FOR UTILITY OR DESIGN Firs! Named Iventor: | James M. McQueston
PATENT APPLICATION (37 CFR § 1.63) , COMPLETEIF KNOWN |
Applisation Na.:
I Declarstion submitted  [] Declaration Submitted after Fiting Date:

with Initial Filing Inilial Filing {surcharge 37 CFR
_§ 1.16{e} required)

" Confirmation No.;

As a below navned ioventor, t hereby declare that my residence, mailing address, and citizenship are as statsd balow next 1o oy
name, and thal | believe | am an original, first, and sole-inventar {if only one name is listed below) or an origingl, fiest, and joisd
inventor (i plural names-are listed betow) of the subject matter which is claimed -and forwhich 2 patent is sought on the invention
eqititled:

1 T “SPACE CARVING IN 3D DATA ACQUISITION

L ek N

The spacification of which
[ iz sttachad herelo;

{1 was flad on f - ]
as United States Application No. [

isidentified as PCT internationsl Application Ne. 'P STHIR 01 2/025548.
fited an P February 17, 2012 ]
and was amended br | - o ! {if applicable),

¢ hereby slate that | have reviewed and understand the confents of the above-identified specification, including the claims, as
amended by any amendment specifically referred to above.

Facknowledge the duty to disclose all information knowr to me 1o Be material to patentability as defined in 37 CFR § 1.56, inciuding
tor continuation-in-part applications, matarial information which became available between the filing date of the prior apglication and
the national or PCT international filing date of the conttnuation-in-part application.

F hereby claim foreign priodty benefis under 35 USC §8 119(zi-{d} or {f, or 365{b) of any foreign application(s) for patent, inventors
or plant breeder's rights cettificate{s). or 365(a) of any PCT international application which designated at ieast one couniry other than
the United States of America. lisled befow and have also fdéntified velow, by checking tHe box, any foreign application for patent,
nveniors-or plant breader’s rghts cerfificalels), orany PCT international application having a fiing date before that of the: application
on which priorily is claimed.

Prior Forgign Oy Priority NOT Catdieg 2
Application Mo, Country (MM EEZ}E}N’VY ¥) Claimeg YES

3
== = : A

| hereby appoind Practitioners at Customer Number 32632 a5 my stiorneys andior agents wilh- full powers {including the powsrs of
appoiniment, ‘substibulion, and revocation) lo prosecute this application and any division, continuation, costinuation-in-part,
reexamination, or refssue thereof, and to transact alf business inthe U.8. Patent and Trademark Office connecied therewith.

Customer Number for P
Practitioner of Record: 32682

i alse appoint the following Practiiongrs as my attorneys andlor sgents with full powers {including he powers of appointment,
substitution, and revocation} fo prosecule this application and any division, confinuation, continuation-in-par], reaxamination, v
reissye thergof, and to transact all business in the U8, Patent and Trademark Office connected therewith: None

Desclaration angd Power of Alloraey Page tof 2 Case No.o 87388U5004
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The mailing address and the lelephone aumber of the above-identified attomeys and/or agents are that of Cusicrmér No. 32882,
Inguities regarding this application can be made o

Aftention: Lance L. Vielzke

Cffice of Intelfectual Property Counsel
38 nnovative Properties Sompany
Telephone No.: 851-737-2180

| hereby deciare that all statements made hereln of my own knowledge are frue-and that all statements made oninformation and
belief are believed o be true; and furdher that these statements were made with the knowledge thal wiliful false sistements and the
ke so made are punishable by fine of imprisonment, or both, under 18 USC § 1001 ang that such willful Talse statements may
igopardize the validity of the application or any patent issued thereon.

1 A petition has been filed for this unsigned inventor.

: Family Name or Sutname:
James-H. McQuesion
inventor's Sionatire” [ ate: {
Sesidence: T Country! Chizenshig: !
I Winchester, Massachusails E USA - United Siates.of America §
R Hing Address:

PO Box 33427, 8t Paul, Minnesola 55133:3427, UBA

3 A petition has been filed for this unsigned inventor.

N& QF JOINITIRNVERTOR, wad
Y e fivet and miodie fif anvir B T Pty Mae of Sumname!
flya A. Kriveshko :
Truentor 5, Signature \f’r E
%M 5"/ ‘Lg
e R Counfry: N
Littleton, Massachuseits L USA Umted States of Asmerica

'IJ i

0. Box 3342? 5f Paul, Minnesota 55133-3427, U8A

Declaration and Power of Atorney Page2af2 Cass No: B736BUISO4
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Electronic Patent Application Fee Transmittal

Application Number:

Filing Date:

Title of Invention:

SPACE CARVING IN 3D DATA ACQUISITION

First Named Inventor/Applicant Name:

MCQUESTION H. JAMES

Filer:

Robert V. Heiti/Angela Zontelli

Attorney Docket Number:

67368U5004

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 6 80 480
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 ($) 2380
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Electronic Acknowledgement Receipt

EFSID: 16631466
Application Number: 14000446
International Application Number: PCT/US12/25548
Confirmation Number: 1096

Title of Invention:

SPACE CARVING IN 3D DATA ACQUISITION

First Named Inventor/Applicant Name:

MCQUESTION H. JAMES

Customer Number:

32692

Filer:

Robert V. Heiti/Angela Zontelli

Filer Authorized By:

Robert V. Heiti

Attorney Docket Number: 67368U5004
Receipt Date: 20-AUG-2013
Filing Date:
Time Stamp: 12:07:50

Application Type:

U.S. National Stage under 35 USC 371

Payment information:

Submitted with Payment

yes

Payment Type Deposit Account
Payment was successfully received in RAM $2380

RAM confirmation Number 9437

Deposit Account 133723

Authorized User

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:
Charge any Additional Fees required under 37 C.F.R. 1.492 (National application filing, search, and examination fees)

Charge any Additional Fees required under 37 CF.R. Sectionj(h1 (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.)
109814
1 Transmittal of New Application Transmittal_67368US004.PDF no 2
6326f3f7c0ff0e8ab26d2dba7a83ea8c80611|
216
Warnings:
Information:
1503484
2 Application Data Sheet ADS_67368US004.PDF no 7
792e52cc2344b2a27673243b2d314eaaeb
eebch
Warnings:
Information:
DeclarationSi d_67368US00 1023456
3 Oath or Declaration filed eclaration Lg:;F— no 4
’ abac994830355b389926d2ac256df066adb)
Warnings:
Information:
38289
4 Fee Worksheet (SB06) fee-info.pdf no 2
93dc56b1¢6f690b618b384b9c5b9928bfd8]
71b9%d
Warnings:
Information:
Total Files Size (in bytes); 2677043

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

New 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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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
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CLAIMS:
What is claimed is:

1. A method comprising:

storing a spatial matrix in a memory, the spatial matrix including information for
a plurality of voxels in a mesh of a scan space;

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

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

storing an indication in the spatial matrix for a modified processing of data from
the one of the plurality of voxels, thereby identifying a prohibited volume within the scan
space; and

processing a portion of the three-dimensional data that is not in the prohibited
volume according to an unmodified processing and processing a second portion of the
thrce-dimensional data that is in the prohibited volume according to the modificd

processing.

2. The method of claim 1 wherein identifying the one of the plurality of voxels
includes identifying a plurality of points on a ray between the scanner and the object that

are unoccupied.

2

3. The method of claim 1 further comprising providing a spatial margin of one or

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

4. The method of claim 3 wherein the spatial margin is a multiple of a standard

deviation of a z-axis measurement for the scanner.

5. The method of claim 1 wherein the modified processing includes detecting a point

in the prohibited volume and displaying the point with a decay time.
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6. The method of claim 1 wherein the modified processing includes omitting any
points in the prohibited volume from a surface mesh of the object created with the three-

dimensional data.

7. The method of claim 6 wherein the mesh divides the scan space into a spatial grid

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

8. The method of claim 1 wherein the modified processing includes omitting any
points in the prohibited volume from a high-accuracy refinement of the three-dimensional

data.

9. The method of claim 1 wherein the mesh of the scan space is subdivided into

voxels having a substantially cubic shape.

10. The method of claim 9 wherein the substantially cubic shape measures about 250

microns on cach cdgc.

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

the plurality of voxels.

12. The method of claim 1 wherein the spatial matrix includes a binary flag for each
one of the plurality of voxels that indicates whether processing is permitted or forbidden

for a corresponding volume of the scan space.

13. A computer program product comprising computer executable code embodied on
a non-transitory computer readable medium that, when executing on one or more
computing devices, performs the steps of:

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

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

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

storing an indication in the spatial matrix for a modified processing of data from
the one of the plurality of voxels that contains the point, thereby identifying a prohibited
volume within the scan space; and

processing a portion of the three-dimensional data in the prohibited volume
according to the modified processing and processing a second portion of the three-
dimensional data that is not in the prohibited volume according to an unmodified

processing.

14. The computer program product of claim 13 wherein identifying the one of the
plurality of voxels includes identifying a plurality of points on a ray between the scanner

and the object that are unoccupied.

15. The computer program product of claim 13 further comprising code for providing
a spatial margin of onc or morc voxcls adjacent to a surfacc of the object for which

processing cannot be prohibited.

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

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

17. The computer program product of claim 13 wherein the modified processing
includes detecting a point in the prohibited volume and displaying the point with a decay

time.
18. The computer program product of claim 13 wherein the modified processing

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

created with the three-dimensional data.
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19. The computer program product of claim 18 wherein the mesh divides the scan
space into a spatial grid substantially identical to a second spatial grid used to create the

surface mesh.

20. The computer program product of claim 13 wherein the modified processing
includes omitting any points in the prohibited volume from a high-accuracy refinement of

the three-dimensional data.

21. The computer program product of claim 13 wherein the mesh of the scan space is

subdivided into voxels having a substantially cubic shape.

22. The computer program product of claim 21 wherein the substantially cubic shape

measures about 250 microns on each edge.

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

includes morc than onc of the plurality of voxcls.

24. The computer program product of claim 13 wherein the spatial matrix includes a
binary flag for each one of the plurality of voxels that indicates whether processing is

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

25. A system comprising:

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

a memory configured to store a spatial matrix that includes information for a
plurality of voxels in a mesh of a scan space; and

a processor configured to identify a point in the scan space that is unoccupied, to
store an indication in the spatial matrix for a modified processing of data from a one of
the plurality of voxels that contains the point, thereby identifying a prohibited volume
within the scan space, to process a portion of the three-dimensional data that is not in the

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

modified processing.

26. A system comprising:

storing means for storing a spatial matrix that includes information for a plurality
of voxels in a mesh of a scan space;

scanning means for obtaining three-dimensional data from an object within the
scan space; and

processing means for identifying a point in the scan space that is unoccupied,
storing an indication in storing means for a modified processing of data from a one of the
plurality of voxels that contains the point, thereby identifying a prohibited volume within
the scan space, processing a portion of the three-dimensional data that is not in the
prohibited volume according to an unmodified processing and processing a second
portion of the three-dimensional data that is in the prohibited volume according to the

modified processing.
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SPACE CARVING IN 3D DATA ACQUISITION

BACKGROUND

1. Field of the Invention.

[0001] The invention relates to the use of space carving to improve three-
dimensional data acquisition.

2. Description of the Related Art.

[0002] A wide range of techniques exist for acquiring three-dimensional data
from a subject. One broad category of techniques employs continuous scanning in which
incremental three-dimensional data is acquired and assembled into a full three-
dimensional model. In this latter category, regardless of the particular scanning
technology, the calculation and display of three-dimensional data can become
encumbered by transient obstructions within a scanning volume. For example, in a dental
scan, a patient’s tongue or other soft tissue may temporarily obstruct or move adjacent to
a scanned surface. A technician may similarly obstruct a scanner’s view of the scanned
surfacc with a finger, tonguc depressor, or other instrument. There remains a need for

techniques to exclude such outliers from a three-dimensional scanning process.

SUMMARY

[0003] Three-dimensional scanning is improved with the use of space carving
to exclude certain scan results from processing and display. Using space carving
techniques, a spatial matrix is maintained to store data on volumetric regions (or voxels)
known to be empty. By excluding or modifying processing of subsequent outlier data
from within these unoccupied voxels, a three-dimensional reconstruction process can
achieve concurrent improvements in accuracy and speed. In addition, a real time display
of scan results can be improved by modifying how such outliers are rendered.

[0004] In one aspect, a method disclosed herein includes storing a spatial
matrix in a memory, the spatial matrix including information for a plurality of voxels in a
mesh of a scan space; obtaining three-dimensional data from an object within the scan
space using a scanner; identifying a one of the plurality of voxels in the mesh that is

unoccupied; storing an indication in the spatial matrix for a modified processing of data
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from the one of the plurality of voxels, thereby identifying a prohibited volume within the
scan space; and processing a portion of the three-dimensional data that is not in the
prohibited volume according to an unmodified processing and processing a second
portion of the three-dimensional data that is in the prohibited volume according to the
modified processing.

[0005] Identifying the one of the plurality of voxels may include identifying a
plurality of points on a ray between the scanner and the object that are unoccupied. The
method may include providing a spatial margin of one or more voxels adjacent to a
surface of the object for which processing cannot be prohibited. The spatial margin may
be a multiple of a standard deviation of a z-axis measurement for the scanner. The
modified processing may include detecting a point in the prohibited volume and
displaying the point with a decay time. The modified processing may include omitting
any points in the prohibited volume from a surface mesh of the object created with the
three-dimensional data. The mesh may divide the scan space into a spatial grid
substantially identical to a second spatial grid used to create the surface mesh. The
modificd processing may include omitting any points in the prohibited volume from a
high-accuracy refinement of the three-dimensional data. The mesh of the scan space may
be subdivided into voxels having a substantially cubic shape. The substantially cubic
shape may measure about 250 microns on each edge. The prohibited volume may include
more than one of the plurality of voxels. The spatial matrix may include a binary flag for
each one of the plurality of voxels that indicates whether processing is permitted or
forbidden for a corresponding volume of the scan space.

[0006] In another aspect, a computer program product disclosed herein includes
computer executable code embodied on a non-transitory computer readable medium that,
when executing on one or more computing devices, performs the steps of’ storing a
spatial matrix in a memory, the spatial matrix storing information for a plurality of voxels
in a mesh of a scan space; obtaining three-dimensional data from an object within the
scan space using a scanner; identifying one of the plurality of voxels in the mesh of the
scan space that is unoccupied; storing an indication in the spatial matrix for a modified
processing of data from the one of the plurality of voxels that contains the point, thereby

identifying a prohibited volume within the scan space; and processing a portion of the
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three-dimensional data in the prohibited volume according to the modified processing
and processing a second portion of the three-dimensional data that is not in the prohibited
volume according to an unmodified processing.

[0007] In another aspect, a system disclosed herein includes a scanner
configured to obtain three-dimensional data from an object within a scan space; a
memory configured to store a spatial matrix that includes information for a plurality of
voxels in a mesh of a scan space; and a processor configured to identify a point in the
scan space that is unoccupied, to store an indication in the spatial matrix for a modified
processing of data from a one of the plurality of voxels that contains the point, thereby
identifying a prohibited volume within the scan space, to process a portion of the three-
dimensional data that is not in the prohibited volume according to an unmodified
processing, and to process a second portion of the three-dimensional data that is in the
prohibited volume according to the modified processing.

[0008] In another aspect, a system disclosed herein includes storing means for
storing a spatial matrix that includes information for a plurality of voxels in a mesh of a
scan spacc; scanning mcans for obtaining thrce-dimensional data from an objcct within
the scan space; and processing means for identifying a point in the scan space that is
unoccupied, storing an indication in storing means for a modified processing of data from
a one of the plurality of voxels that contains the point, thereby identifying a prohibited
volume within the scan space, processing a portion of the three-dimensional data that is
not in the prohibited volume according to an unmodified processing and processing a
second portion of the three-dimensional data that is in the prohibited volume according to

the modified processing.

BRIEF DESCRIPTION OF THE FIGURES
[0009] The invention and the following detailed description of certain
embodiments thercof may be understood by reference to the following figures.
[0010] Fig. 1 shows a dental image capture system.
[0011] Fig. 2 depicts a view of a user interface for an image capture system.

[0012] Fig. 3 depicts a view of a user interface for an image capture system.
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[0013] Fig. 4 depicts a view of a user interface for an image capture system
during an acquisition of three-dimensional data.

[0014] Fig. 5 illustrates a spatial matrix for use in space carving.

[0015] Fig. 6 illustrates a ray trace used to identify unoccupied space.

[0016] Fig. 7 is a flow chart of a process for displaying data based on a spatial

matrix.

DETAILED DESCRIPTION

[0017] The following description relates to use of space carving techniques to
improve processing of three-dimensional data acquired from a three-dimensional scanner.
While the description emphasizes continuous scanning and dental applications, it will be
appreciated that the inventive concepts disclosed herein are not limited to the specific
embodiments disclosed. For example, the space carving techniques described herein may
be used to improve any three-dimensional acquisition or processing in which the capture
of three-dimensional data occurs over a period of time such as structured light projection,
x-ray computed tomography, optical cohcrence tomography, interfcrometry, and the like.
The techniques described herein may similarly be employed in any three-dimensional
processing environment where accuracy or time of computation can benefit from the
exclusion of outlier data. Similarly, while the following description emphasis use of
space carving to avoid processing known outliers, the approach may be readily
generalized by, e.g., by identifying multiple objects in a scan volume and excluding
objects that are not rigidly associated with a scan subject. All such variations that would
be apparent to one of ordinary skill in the art are intended to fall within the scope of this
disclosure.

[0018] In the following description, the term “image” generally refers to a two-
dimensional set of pixels forming a two-dimensional view of a subject within an image
plane. The term ““image set” generally refers to a set of related two dimensional images
that might be resolved into three-dimensional data. The term “point cloud” generally
refers to a three-dimensional set of points forming a three-dimensional view of the
subject, such as might be reconstructed from a number of two-dimensional views. In a

three-dimensional image capture system, a number of such point clouds may also be
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registered and combined into an aggregate point cloud constructed from images captured
by, for example, a moving camera. Thus it will be understood that pixels generally refer
to two-dimensional data and points generally refer to three-dimensional data, unless
another meaning is specifically indicated or otherwise clear from the context.

[0019] The terms “three-dimensional surface representation”, “digital surface
representation”, “three-dimensional surface map”, and the like, as used herein, are
intended to refer to any three-dimensional surface map of an object, such as a point cloud
of surface data, a set of two-dimensional polygons, a particle system, or any other
renderable primitives or other data representing all or some of the surface of an object, as
might be obtained through the capture and/or processing of three-dimensional scan data,
unless a different meaning is explicitly provided or otherwise clear from the context.

[0020] A “three-dimensional representation” may include any of the three-
dimensional surface representations described above, as well as volumetric, vector,
and/or other representations, unless a different meaning is explicitly provided or
otherwise clear from the context.

[0021] In genceral, the terms “render” or “rendcring” refer to a two-dimensional
visualization of a three-dimensional object, such as for display on a monitor. However, it
will be understood that stereoscopic, three-dimensional, and other rendering technologies
exist, and may be usefully employed with the systems and methods disclosed herein to
render objects in three dimensions. As such, rendering should be interpreted broadly
unless a narrower meaning is explicitly provided or otherwise clear from the context.

[0022] The term “dental object”, as used herein, is intended to refer broadly to
subject matter specific to dentistry. This may include intraoral structures such as
dentition, and more typically human dentition, such as individual teeth, quadrants, full
arches, pairs of arches which may be separate or in various types of occlusion, soft tissue,
and the like, as well bones and any other supporting or surrounding structures. As used
herein, the term ““intraoral structures’ refers to both natural structures within a mouth as
described above and artificial structures such as any of the dental objects described below
that might be present in the mouth. Dental objects may include “‘restorations”, which may
be generally understood to include components that restore the structure or function of

existing dentition, such as crowns, bridges, veneers, inlays, onlays, amalgams,
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composites, and various substructures such as copings and the like, as well as temporary
restorations for use while a permanent restoration is being fabricated. Dental objects may
also include a “prosthesis” that replaces dentition with removable or permanent
structures, such as dentures, partial dentures, implants, retained dentures, and the like.
Dental objects may also include “appliances” used to correct, align, or otherwise
temporarily or permanently adjust dentition, such as removable orthodontic appliances,
surgical stents, bruxism appliances, snore guards, indirect bracket placement appliances,
and the like. Dental objects may also include “hardware” affixed to dentition for an
extended period, such as implant fixtures, implant abutments, orthodontic brackets, and
other orthodontic components. Dental objects may also include “interim components” of
dental manufacture which may not be intraoral structures as described above, such as
dental models (full and/or partial), wax-ups, investment molds, and the like, as well as
trays, bases, dies, and other components employed in the fabrication of restorations,
prostheses, and the like. Dental objects may be categorized in a number of ways. For
example, dental objects may be categorized as natural dental objects such as the teeth,
bonc, and other intraoral structurcs described above and artificial dental objccts such as
the restorations, prostheses, appliances, hardware, and interim components of dental
manufacture as described above. Similarly, dental objects may be categorized intraoral
dental objects (which may be natural or artificial) and extraoral dental objects (which are
generally but not exclusively artificial).

[0023] Terms such as “digital dental model”, “digital dental impression” and
the like, are intended to refer to three-dimensional representations of dental objects that
may be used in various aspects of acquisition, analysis, prescription, and manufacture,
unless a different meaning is otherwise provided or clear from the context. Terms such as
“dental model” or “dental impression” are intended to refer to a physical model, such as a
cast, printed, or otherwise fabricated physical instance of a dental object. Unless specified
or otherwise clear from the context, the term “model”, when used alone, may refer to
either or both of a physical model and a digital model.

[0024] Fig. 1 shows an image capture system. In general, the system 100 may

include a scanner 102 that captures images of a subject 104 within an image plane 106,
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and forwards the images to a computer 108, which may include a display 110 and one or
more user input devices such as a mouse 112 or a keyboard 114.

[0025] The scanner 102 may include any camera or camera system suitable for
capturing images from which a three-dimensional point cloud may be recovered. For
example, the scanner 102 may employ a multi-aperture system as disclosed, for example,
in U.S. Pat. Pub. No. 20040155975 to Hart et al., the entire contents of which is
incorporated herein by reference. While Hart discloses one multi-aperture system, it will
be appreciated that any multi-aperture system suitable for reconstructing a three-
dimensional point cloud from a number of two-dimensional images may similarly be
employed, including systems with moving apertures, fixed apertures, and/or electro-
mechanically shuttered apertures. In one multi-aperture embodiment, the scanner 102
may include a plurality of apertures including a center aperture positioned along a center
optical axis of a lens and any associated imaging hardware. The scanner 102 may also, or
instead, include a sterecoscopic, triscopic or other multi-camera or other configuration in
which a number of cameras or optical paths are maintained in fixed or moving relation to
onc another to obtain two-dimensional images of an objcct from a number of slightly
different perspectives. The scanner 102 may include suitable processing for deriving a
three-dimensional point cloud from an image set or a number of image sets, or each two-
dimensional image set may be transmitted to an external processor such as contained in
the computer 108 described below. In other embodiments, the scanner 102 may employ
structured light, laser scanning, direct ranging (e.g., time of flight in a known direction),
or any other technology suitable for acquiring three-dimensional data, or two-
dimensional data that can be resolved into three-dimensional data.

[0026] In one embodiment, the scanner 102 is a handheld, frecly positionable
probe having at least one user input device, such as a button, lever, dial, thumb wheel,
switch, or the like, for user control of the image capture system 100 such as starting and
stopping scans. In an embodiment, the scanner 102 may be shaped and sized for dental
scanning. More particularly, the scanner may be shaped and sized for intraoral scanning
and data capture, such as by insertion into a mouth of an imaging subject and passing the
imaging plane 106 over one or more intraoral structures at a suitable distance to acquire

surface data from teeth, gums, and so forth. The scanner 102 may, through such a
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continuous acquisition process, capture a point cloud of surface data having sufficient
spatial resolution and accuracy to prepare dental objects such as prosthetics, hardware,
appliances, and the like therefrom, either directly or through a variety of intermediate
processing steps. In other embodiments, surface data may be acquired from a dental
model such as a dental prosthetic, to ensure proper fitting using a previous scan of
corresponding dentition, such as a tooth surface prepared for the prosthetic.

[0027] Although not shown in Fig. 1, it will be appreciated that a number of
supplemental lighting systems may be usefully employed during image capture. For
example, environmental illumination may be enhanced with one or more spotlights
illuminating the subject 104 to speed image acquisition and improve depth of field (or
spatial resolution depth). The scanner 102 may also, or instead, include a strobe, flash, or
other light source to supplement illumination of the subject 104 during image acquisition.
In other structured light systems, the illumination may be in the form of an array of laser
beams that form a pattern on a surface, which pattern may be employed to recover three-
dimensional data from the surface. Other systems employ a single laser beam along with
dircctional information to gather point-by-point dircction and range information. All such
imaging systems may be usefully employed to acquire three-dimensional data as
described herein.

[0028] The subject 104 may be any object, collection of objects, portion of an
object, or other subject matter. While illustrated in Fig. 1 as a simple geometric form, the
subject 104 may include much more complex surfaces, and any number of separate
elements. For example, in a dental imaging application, the subject 104 may include a
tooth, a quadrant of teeth, or a full collection of teeth including two opposing arches from
which a virtual dental impression is desired. The subject 104 may also, or instead, include
a dental prosthesis such as an inlay, a crown, or any other dental prosthesis, implant, or
the like. The subject 104 may include a dental model, such as a plaster cast, wax-up,
impression, or negative impression of a tooth, tecth, soft tissue, or some combination of
these. An optical or textured imaging agent may optionally be applied to surfaces of the
subject 104 to improve capture of three dimensional points. In other embodiments, the
subject 104 may be a human head, or a portion thereof, from which a three-dimensional

model may be acquired for custom fitting of a hearing aid, eyeglasses, goggles, or the
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like. In other embodiments, the subject 104 may be a physical model of an object for use
in digital animation, such as a miniature, physical model for use in a three-dimensional
digital animation process. From the preceding examples, it will be apparent that a system
using the techniques described herein may be suitably adapted to a wide range of
applications for relatively short range, high resolution three-dimensional image
acquisition. However, one skilled in the art will appreciate that suitable adaptations to the
image capture system 100 may be made for a variety of other three-dimensional imaging
applications based upon multi-aperture or multi-camera systems, as well as other three-
dimensional imaging systems and technologies, and all such variations are intended to
fall within the scope of this disclosure.

[0029] The image plane 106 may include a two-dimensional field of view of the
scanner 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 scanncr 102. In gencral, the scanncr 102 will have a depth of ficld or
range of depth resolution that, together with the field of view 106, specifies a
measurement volume of the scanner 102. The depth of field may vary with environmental
conditions such as lighting (ambient or artificial), the texture or optical properties of the
imaging subject, and so forth. It will further be understood that the term ““field of view”,
as used herein may refer to a two-dimensional field such as an internal plane within the
optics of an imaging system, an external plane such as a field in an imaging environment,
or a region in a display, or may refer to a three-dimensional region such as a current
measurement volume in an imaging environment. Thus, “field of view” as used herein
should be interpreted in the broadest sense possible, unless a more specific meaning is
explicitly provided, or otherwise clear from the context.

[0030] The computer 108 may be, for example, a personal computer or other
processing device. In one embodiment, the computer 108 includes a personal computer
with a dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access
memory, a TYAN Thunder KEWE motherboard, and a 250 gigabyte, 10,000 rpm hard

drive. This system may be operated to capture approximately 1,500 points per image set
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in real time using the techniques described herein, and store an aggregated point cloud of
over one million points. As used herein, the term “real time” means generally with no
observable latency between processing and display. In a video-based scanning system,
real time more specifically refers to processing within the time between frames of video
data, which may vary according to specific video technologies, but may generally be
considered to fall between about ten frames per second and about thirty frames per
second for many of the applications described herein. More generally, processing
capabilities of the computer 108 may vary according to the size of the subject 104, the
speed of image acquisition, and the desired spatial resolution of three-dimensional points.
The computer 108 may also inchide peripheral devices such as a keyboard 114, display
110, and mouse 112 for user interaction with the camera system 100. The display 110
may be a touch screen display capable of receiving user input through direct, physical
interaction with the display 110.

[0031] Communications between the computer 108 and the scanner 102 may
use any suitable communications link including, for example, a wired connection or a
wircless conncction bascd upon, for cxamplce, IEEE 802.11 (also known as wircless
Ethemet), BlueTooth, or any other suitable wireless standard using, e.g., a radio
frequency, infrared, ultrasound or other wireless communication medium. In medical
imaging or other sensitive applications, wireless image transmission from the scanner 102
to the computer 108 may be secured. The computer 108 may generate control signals to
the scanner 102 which, in addition to image acquisition commands, may include
conventional camera controls such as focus or zoom.

[0032] In an example of general operation of a three-dimensional image capture
system 100, the scanner 102 may acquire two-dimensional image sets at a video rate
while the scanner 102 is passed over a surface of the subject. The two-dimensional image
sets may be forwarded to the computer 108 for derivation of three-dimensional point
clouds. The three-dimensional data for each newly acquired two-dimensional image set
may be derived and fitted or “stitched” to existing three-dimensional data using a number
of different techniques. One useful example of such a technique is described in
commonly-owned U.S. App. No. 11/270,135, filed on November 9, 2005, the entire

contents of which is incorporated herein by reference. However, it will be appreciated
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that this example is not limiting, and that the principles described herein may be applied
to a wide range of three-dimensional image capture systems. It will also be understood
that terms such as “video” or ““video rate” imply a wide range of possible frame rates
associated with such video. While most modern video formats employ a frame rate of 25
to 30 frames per second, early video employed frame rates as low as 8 frames per second,
and movies of the early 1900’s varied from 12 to 18 frames per second. In addition, it is
common for specialized imaging equipment to employ a rate adapted to the
computational demands of particular imaging and rendering techniques, and some video
systems operate with frame rates anywhere from 4 frames per second (for
computationally extensive imaging systems) to 100 frames per second or higher (for
high-speed video systems). As used herein, the terms video rate and frame rate should be
interpreted broadly. Notwithstanding this broad meaning, it is noted that useful and
visually pleasing three-dimensional imaging systems have been constructed according to
the foregoing with frame rates of at least ten frames per second, frame rates of at least
twenty frames per second, and frame rates between 25 and 30 frames per second.

[0033] It will be appreciated that the ability of certain systems, such as
multiaperture camera systems, to derive three-dimensional data from two-dimensional
video image sets may depend in part on an ability to establish correspondence of surface
points between image pairs (or triplets, and so on). The process of establishing point
correspondences may be improved by identifying, within the processing system, unique
features of the surface upon which correspondence may be based. In certain aspects,
distinguishing features of tecth at varying levels of detail may be employed to enhance
this process. However, this process depends on an ability to locate such distinguishable
features. The process of establishing point correspondences may also, or instead, be
enhanced by the addition of optically detectable features thercto, which may be as simple
as artificial black dots distributed over a white or relatively light surface. In a dental
context, this may be achieved with a spray, powder, mouth rinse, or the like that
distributes optically detectable matter across the dentition or other dental object to be
scanned. By randomly distributing such small, distinguishable dots across the surface, the

likelihood of locating distinguishable features in a particular image set may be
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significantly improved, thus improving the speed and accuracy of the overall three-
dimensional data acquisition process.

[0034] From time to time in continuous or incremental data acquisition systems,
the fitting or stitch between two frames may fail for reasons described in greater detail
below. In such situations, a user may be notified through visual feedback that a recover
mode has been entered. In the recover mode, the system 100 may seek to reacquire the
previous scan by test fitting new scan data to previously acquired data, and providing
visual feedback to a user to assist in navigating back to a scan location on the subject
where the re-acquisition is being attempted. In a related landing mode, a user may
attempt to initiate a new scan registered or connected to an existing three-dimensional
model. Similar visual feedback tools may be provided to guide a user to an appropriate
scan location, and notify a user when the scan has been reacquired. These techniques are
described in greater detail in commonly-owned U.S. App. No. 11/383,623, filed on May
16, 2006, incorporated herein by reference in its entirety. Other suitable techniques may
be employed for navigation, controlling scan quality, analyzing scanned subject matter,
and manipulating scanncd modcls, various cmbodiments of which arc described in
greater detail below.

[0035] The display 110 may include any display suitable for video or other rate
rendering at a level of detail corresponding to the acquired data or a rendered version of
the acquired data. Suitable displays include cathode ray tube displays, liquid crystal
displays, light emitting diode displays, plasma displays, and the like. In some
embodiments, the display may include a touch screen interface using, for example
capacitive, resistive, or surface acoustic wave (also referred to as dispersive signal) touch
screen technologies, or any other suitable technology for sensing physical interaction
with the display 110. In addition, where three-dimensional visualization is desired, the
display 110 may include a three-dimensional display using a wide variety of techniques
including stereo pair imaging, holographic imaging, and multiplanar or volumetric
imaging, each with a number of rendering modalities that may be usefully employed with
the systems described herein.

[0036] Fig. 2 depicts a view of a user interface for an image capture system.

The user interface 200 may include a window 202 rendered on a monitor such as the
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display 110 of Fig. 1. Within the window 202, a video image may be displayed including
a measurement volume of a scanner, such as the image plane 106 of the scanner 102 of
Fig. 1. Within the field of view or measurement volume, a video or other image of a
subject such as the subject 104 of Fig. 1 may be displayed. However, as depicted in Fig.
2, no image acquisition steps have been initiated, so the window 202 remains blank
except for various controls which will be described below.

[0037] Scanning controls may include, for example, a scan control 204, a pause
control 206, a stop control 208, a clear control 210, a save control 212, and a retrieve
control 214. The scan control 204 may initiate a three-dimensional scan. The pause
control 206 may temporarily discontinue a scan in a manner that permits subsequent
reacquisition of a continuous scanning process. The paused scan may exhibit a number of
visual properties. For example, the video image may be frozen, or the video image may
continue to display current video information while a point cloud or other scan data
remains frozen, or the screen may go entirely blank, or some combination of these, all
according to user preferences or a particular implementation. In general, a paused scan
may rcmain active so that a user may resumc the scan. By contrast, if a uscr activatces the
stop control 208, the scan may be terminated, such that a user would have to retrieve the
scan, such as using the retrieve control 214 in order to continue adding data thereto. The
save control 212 may store a scan and any related data for subsequent use. These controls
may operate as buttons that a user activates to perform the indicated function, such as
through a mouse click or, where the display 110 is a touchscreen, by direct physical
interaction with the display 110. It will be appreciated that activation of the control may
create a pop-up window, or provide drop down lists, radio buttons, text input fields, and
any other controls suitable for parameterizing the particular selection. Thus for example,
where a user activates the save control 212, a text box may appear for a user to enter a
filename, directory or path information, and the like for saving any related data.
Numerous techniques for organizing user interfaces and providing controls within a user
interface are known in the art, and may be suitably adapted to the interface 200 described
herein.

[0038] A number of navigation controls may be provided, such as a zoom out

control 216, a zoom in control 218, a zoom indicator 220, a rotate control 222, a pan
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control 224, and a reset control 226. These controls may be used to view an acquired
three-dimensional representation after a scan has been completed or, where a
pause/resume feature is provided, during a scan. The reset control 226 may, for example,
restore a view of a three-dimensional representation to a global coordinate system, or to a
most recent view from which data was acquired during a scan.

[0039] A number of range finding visualizations may also be included that
provide visual cues related to one or more scanning parameters of an image capture
system. These visualizations may be rendered in real time, ¢.g., at the video rate of the
image capture system, to provide real time user feedback and guidance with respect to
proper orientation and positioning of a scanner during a scan. The user feedback may
improve the quality and speed of data acquisition, particularly during continuous
scanning operations that acquire a full three-dimensional representation of a subject as a
sequence of fitted three-dimensional surface samples. These visual cues may be
particularly useful in continuous three-dimensional data acquisition systems based upon
camera motion estimation or similar techniques. In such techniques, sequential frames of
data arc rcgistered to onc another using various processing tcchniques such as thosc
described in commonly owned U.S. App. No. 11/270,135, filed on November 9, 2005.
This works well provided three-dimensional data can be successfully resolved from each
sequential frame of image data, and there is sufficiently small displacement of the
scanner that the data from sequential frames overlaps in three-dimensional space.
However, when this “stitching” of sequential frames is lost, such as due to an operator
moving outside the proper scanning distance, it can be very difficult to recover the
continuous acquisition. Visualization tools that guide a user toward maintaining proper
scanning distance advantageously promote a continuous, uninterrupted acquisition of
three-dimensional data for an entire surface of interest.

[0040] For example, within a window 230 that shows a current video image
from the image plane 106 of the scanner 102 (which is blank in Fig. 2, as the system has
not started a scan), a volume 232 of space, such as the box depicted in Fig. 2, for which
quality scan data can be captured may be depicted in perspective. This volume 232
rendered within the imaging space may assist a user in positioning subject matter within

the video image appropriately for data acquisition. In addition, sliders 234 may be
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animated along z-axis edges of the volume 232 to indicate a distance of points of three-
dimensional data actually being acquired. This may be based on, for example, a mean
distance of some or all of the points, a distance of a central point, a range of distances for
all or some of the points, or a distance of a point at each respective corner of the volume
232, such that the sliders 234 may move independently from one another during a scan.
Distance calculations may be based on a current frame of image data, i.c., the most
recently acquired data set, or an average of a predetermined number of immediately prior
data sets, or upon all three-dimensional points of the three-dimensional surface
representation falling within the volume 432 without regard to when they were acquired.

[0041] As another example, a dynamic object 236 such as a sphere or bullseye
may be rendered in the center of the window 230. The dynamic object 236 may also, or
instead, be positioned at another location within the window; however positioning the
dynamic object 236 within the center of the window 230 advantageously permits a user to
receive visual feedback from the dynamic object 236 without looking away from current
video of the subject being scanned.

[0042] A numbecr of uscful animations may bc provided by the dynamic object
236 to give user feedback to an operator of the image capture system 100. In one
implementation, the dynamic object 236 may be an animated bullseye that is color-coded
to provide distance information. The bullseye may, for example be rendered as concentric
rings of different colors, such as red, white, and blue, with the central color filling the
entire bullseye when a subject is properly distanced from the scanner. When the scanner
moves too far from the subject, a red ring may form around the white circle filling a
greater portion of the bullseye as the scanner moves further from a subject until the entire
bullseye is completely red. Conversely, when the scanner moves too close to a subject, a
blue circle may appear within the center of the white circle and grow in size as the
scanner moves farther from the subject until the entire circle is blue. In this manner, a
user may receive continuous feedback with respect to scan distance — a growing blue
central circle as the scanner moves too close, and an engulfing red ring when as the
scanner moves too far away — so that the scanner may maintain a proper distance from
the subject for continuous acquisition of three-dimensional data in a three-dimensional

representation of the subject. One useful model for rendering such a dynamic bullseye
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employs three co-axial cones of different colors, where the bullseye renders a planar
cross-section of the three co-axial cones perpendicular to the common axis, and at a point
along the common axis selected according to relative range from the subject.

[0043] In another example of animation, three concentric rings may be
continuously displayed within the bullseye, with the radius of each ring independently
controlled in proportion to the number of points that are too close, properly distanced,
and too far. In another possible animation, the center ring (a circle) may move within the
bullseye with an offset corresponding to an x-y displacement in the field of view or
measurement volume of a region of the surface having the greatest density of points at a
target, or desirable, scanning distance. Of course, it will be appreciated that the selection
of colors for such animations is somewhat arbitrary, although significant contrast in hue
or intensity may assist a user in recognizing deviations from an optimal scan distance.

[0044] Other visual cues and/or metaphors may also, or instead, be employed,
such as a visualization of a plane passing through a sphere, active distance bars, animated
text, or other visualizations, any of which may provide animated, visual feedback based
on, for cxamplc, mean distance, center distance, or some other metric that can be derived
from scanner output. More generally, visual cues may provide feedback concerning any
scanning parameter such as depth of optimal data acquisition, width of field of view, rate
of travel or yaw of the scanner 102, density of data acquisition, and so forth, as well as
various combinations of these. These visual cues may provide graduated feedback to
assist a user in maintaining proper scan distance, and to inform a user when a scan has
been lost.

[0045] Fig. 3 depicts a view of a user interface for an image capture system.
This abstracted drawing shows a window 302 of the user interface 300, which may be,
for example, the window 230 of Fig. 2, without the visual cues described therein. The
window 302 may include a video image from a point of view of a scanner such as the
image plane 106 of the scanner 102 described above with reference to Fig. 1. Within the
window 302, the video image may include a subject 304. As depicted in Fig. 3 (and not
by way of limitation), the subject 304 is a slender cylinder extended from a near end 306
relatively close to the scanner to a distant end 308 relatively far from the scanner. During

a continuous surface scan of the subject 304, three-dimensional surface data may have
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been acquired, as indicated generally by x’s, 0’s, and encircled +’s. Within the window
302, the three-dimensional surface scan may be rendered from the point of view of the
scanner, along with shading or other visual effects to indicate shape and surface contours.
The rendered three-dimensional surface scan may be superimposed in a registered
fashion directly over the video image (or conversely, the video image may be
superimposed on the rendered three-dimensional surface). This superposition alone
provides significant user information, such as what surface regions of the subject 304
have been scanned. In addition, the rendered three-dimensional surface scan may be
color-coded or otherwise rendered to provide color information concerning, for example,
what region is currently being scanned in the continuous data acquisition process, what
regions are too close to acquire scan data from, what regions are at a proper distance for
acquisition of surface data, and what regions are too far for surface data. For example, if
points on or near the near end 306 of the subject 304 are too close to acquire scan data —
these points are indicated in Fig. 3 as x’s — they may be rendered in a first color. Points at
an optimal scanning distance — indicated in Fig. 3 as 0’s — may be rendered in a second
color. Points too distancc for acquisition of threce-dimensional data — indicated in Fig. 3 as
encircled +’s — may be rendered in a third color. Of course, this distance information may
not be directly relevant because the rendered points have already been acquired in three-
dimensional space. However, this color coding of the surface of the subject 304, as
rendered through the acquired three-dimensional digital surface representation, may
provide useful information to a user concerning the distance of the subject 304,
particularly with respect to regions of the subject 304 that have not yet been scanned.
[0046] It will be appreciated that, while only a dozen or so points have been
drawn in Fig. 3, a practical image capture system for use in dentistry and similar
applications may require spatial resolution on the order of 100 microns or less for
sufficient detail to fabricate properly fitting dental objects. As such, the actual point cloud
acquired by the image capture system for a subject such as a dental arch may contain
thousands, tens of thousands, hundreds of thousands, or millions of individual three-
dimensional points, or more. While the small number of points illustrated in Fig. 3 is
intended to assist in explaining the nature of a point cloud distribution and various

rendering techniques applicable thereto with reference to the specific points shown (the
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x’s, 0’s, and encircled x’s), the larger number of points available in a typical scan can
provide significantly improved visualization of surface contours and the like. It should
also be appreciated that the points used to render the digital surface representation for
display may include a subset of points in a full point cloud of acquired three-dimensional
data, with the density of points selected according to any suitable design parameters
including processing/rendering speed, need for contour visualization, and the like. It will
also be understood that the data in the three-dimensional scan may be internally
represented as points, particle systems, vectors, or any other suitable representation.
Thus, while the data may be rendered as a point cloud of any desired density, this may or
may not correspond to the internal representation of scan data. Further, the rendering may
employ techniques other than point rendering, such as a polygonal mesh or the like, with
suitable adaptations to the techniques described above for visualizing range, scan quality,
and the like.

[0047] It will be appreciated that the capability of capturing highly detailed
models of dental objects, and in particular, the capability of capturing highly detailed
digital surfacc representations of dentition dircctly from an intraoral scan, cnablcs an
array of subsequent processing steps that may be useful to dentists, dental laboratory
technicians, oral surgeons, and the like. A number of such applications are now described
in greater detail.

[0048] The embodiments described in reference to Fig. 2 and Fig. 3 emphasize
the use of an interface that displays a subject from a point of view of the scanner.
However it will be understood that alternative models may be used, such as an interface
that renders acquired data from a fixed point of view within a global coordinate system.
In an approach employing a fixed point of view, the generally visualization strategy may
change, such as by providing continues feedback as to the position of the scanner relative
to the subject. However, the visual cues described above may generally be adapted to
such an environment, or other environments, in a number of ways as will be readily
appreciated by one of skill in the art.

[0049] In general, a system as described herein may have a number of operating
modes, such as a file management mode, a model editing mode, a model evaluation

and/or analysis mode, a scanning mode, and so forth. Two such modes are described with
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respect to Figs. 4 and 5 below, which show a scanning mode and an evaluation mode
respectively.

[0050] Fig. 4 depicts a view of a user interface for an image capture system
during an acquisition of three-dimensional data. The user interface 400 may include a
window 402 including range-finding visual cues 404, 406, all as generally described
above. Within the window 402, a video image may be displayed, such as a video image
from a current point of view of a scanner, such as the scanner 102 described above. As
depicted, the video image may include a plurality of teeth 410 and other intraoral
structures visible during an intraoral scan. It will be noted that three-dimensional points
acquired from the surface, i.e., the current digital surface representation, may be rendered
within the user interface 400, and more particularly, may be rendered from the point of
view of the scanner and superimposed on the current video image. Although not depicted,
it will be understood that in other embodiments, the current digital surface representation
may be rendered from a fixed point of view.

[0051] In addition to permitting visual enhancements such as contour shading
and fcaturc ecmphasis, the rendering may provide specific feedback to a uscr concerning
the current scan. For example, regions too close for capture of scan data may include
previously acquired points, which may be rendered in the window 402 with a style or
color that indicates their relative proximity to the scanner. Conversely, regions of the
intraoral structures too far for capture may also, or instead, include previously acquired
points, which may be rendered in the window 402 with a style or a color that indicates
their relative distance from the scanner. As new surface data is acquired and added to the
digital surface representation, the new point data may concurrently, or in real time or near
real time, be added to the rendered view of the digital surface representation. In this
manner, a user may receive immediate visual feedback, such as the density of rendered
points or relative fineness/coarseness of a polygonal mesh, with respect to whether data is
being successful acquired from surfaces visible within the window 402. This information
may indicate gaps in surface data so that a user can back up and rescan surfaces of the
subject for which data has not been captured, or for which inadequate or defective data
has been captured. This feedback may in part flow directly from the process of rendering

an increasing number of points within the window as new surface data is acquired. The
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visual feedback may also, or instead, be supplemented by rendering points with a density
in the window 402 specifically sclected to communicate to a user whether adequate data
has been acquired from within the current view. While specific feedback examples are
noted above, it will be understood that more generally, numerous and various uses of
brightness, texture, shading, color, and/or rendered point cloud density, or the like may be
employed to provide visual feedback to a user concerning scan quality, detail, and the
like.

[0052] The visual metaphor may be one of spray painting the video image with
a shaded surface map as points are acquired. The point cloud of the digital surface
representation (or other representation) may be rendered as a growing constellation of
points that forms over the video subject matter as data is acquired. Regions for which a
target point density has been achieved may, for example appear as continuous surfaces,
while regions with inadequate surface data may be rendered as discrete points having
visible gaps therebetween, which gaps may be varied in size according to, e.g., the
density of point data in the underlying digital surface representation. As another example,
points may be rendered as uniformly spaced surface points, which may be color coded
according to density of point data in the underlying digital surface representation.

[0053] In certain embodiments, the acquired digital model may be compared to
a statistical, spatial, or other model of expected shapes relevant to dentistry (or other
objects, for non-dental applications), using know machine vision and other techniques.
This may include relatively subtle variations such as unexpected tooth contours,
thicknesses, or the like, as well as gross deviations that are likely a result of user or
equipment malfunction or loss of scan data. Where deviations from expectations are
detected, these may be visually identified within the window 402 through use of color,
shading, and other cues and annotations described generally above. Thus, algorithmically
unexpected scan results may be immediately flagged during a scan for any suitable
human intervention (which may, of course, be none where the unexpected feature is
known by the operator to actually be present).

[0054] Having discussed various aspects of a three-dimensional scanning
system, the description now turns to use of space carving to improve processing and

display of three-dimensional data.
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[0055] Fig. 5 illustrates a spatial matrix for use in space carving. In general, the
spatial matrix 500 may include a number of cells 502, each storing information related to
a voxel in a scan volume. In one aspect, each cell 502 may store a binary flag that
indicates whether the corresponding voxel is permitted or forbidden for processing. This
approach advantageously provides a compact memory representation of carved space,
however it will be readily appreciated that other representations of this information may
also or instead be employed, and that additional information may be included in the
spatial matrix such as any information that might be usefully stored on a voxel-by-voxel
basis for the volume in which an object is being scanned. It will also be appreciated that,
while the spatial matrix 500 is depicted as a three-dimensional structure that maps to the
volume of a scan space, no such physical structure is required.

[0056] The spatial matrix 500 may include any memory or combination of
memories capable of storing and retrieving information according to voxels within the
scan space, and all such variations that would be apparent to one of ordinary skill in the
art are intended to fall within the scope of this invention. The spatial matrix 500 may
dcfinc a mesh of voxcls that together form the scan volume or scan spacc in which data is
processed as generally described below. In this respect, it will be readily appreciated that
while the spatial matrix 500 depicted in Fig. 5 corresponds to a cubic volume, any shape
or size of volume may be suitably employed according to the shape and/or size of an
object that is being scanned, a processing mesh used for three-dimensional
reconstruction, or any other factors. Thus in one aspect, the mesh of the scan space is
subdivided into voxels having a substantially cubic shape. The substantially cubic shape
may measure about 250 microns on each edge (i.e., a 250 x 250 x 250 micron cube for
each voxel) or any other suitable size according to desired resolution, processing
capabilities, and so forth. In one aspect, the spatial matrix 500 may include a binary flag
for each one of the plurality of voxels that indicates whether processing is permitted (e.g.,
unmodified) or forbidden (e.g., modified) for a volume of the scan space.

[0057] Fig. 6 illustrates a ray trace used to identify unoccupied space. During a
scan such as any of the scans described above, a scanner 602 such as any of the scanners
described above may be passed over an object 604 within a scan space 606 to acquire

three-dimensional data. While depicted two-dimensionally, it will be understood that the
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scan space 606 would generally be a three-dimensional volume. Given a position of the
scanner 602 and the object 604, one or more rays — straight lines passing through the scan
space 606 — may be determined such as a first ray 608 that intersects a surface of the
object 604 and a second ray 610 that does not intersect a surface of the object 604. With
the scan space 606 divided into a volumetric mesh according to the spatial matrix
described above, all of the voxels that each ray 608, 610 passes through can be
determined, and more particularly, each unoccupied one of the voxels in the mesh can be
identified. Each unoccupied one of the voxels may be flagged in the spatial matrix as
prohibited using, e.g., a binary flag or any other suitable identifier. In this manner, voxels
that are known to be unoccupied at some time during the scan can be marked for
modified processing and differentially processed during a scan, all as generally
contemplated below.

[0058] It will be appreciated that numerous variations are possible. For
example, a margin around the surface of the object may be provided in which voxels
cannot be flagged for differential processing. This may be based on distance from the
surface, or on a number of surrounding voxcls that arc marked for diffcrential processing,
or on the actual number of points of three-dimensional data acquired within a voxel of the
mesh, and so forth, as well as combinations of the foregoing. In another aspect, a
threshold may be provided for a minimum number of rays passing through a voxel before
it can be marked for modified processing. Space carving is generally known in the art as
a technique for identifying unoccupied volume, and any corresponding techniques or
tools may be adapted to identify ‘prohibited’ voxels as contemplated herein. For example,
commercially available software tools such as Voxel Space (Novalogic) and/or 3D-DDA
support ray tracing through voxel spaces and may be used with space carving as
described herein. As such, algorithms and software tools for space carving are not
discussed here in detail, with emphasis being on use of space carving techniques to
support differential processing of three-dimensional data.

[0059] Fig. 7 is a flow chart of a process for displaying data based on a spatial
matrix. As generally described below, a spatial matrix such as the matrix described above
with reference to Fig. 5 may be used to store information about what type of processing is

permitted or forbidden for data within voxels of the scan space. While the ‘forbidden’
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voxels may be generally understood as voxels that are unoccupied, it will be appreciated
that this is not universally true and that voxels in which points are detected may be
forbidden (such as where a surface temporarily moves into a scan space) and voxels that
are empty may be permitted (such as where a voxel is immediately adjacent to an
occupied voxel. Thus while terms such as occupied or unoccupied are used in this
description, these terms should not be understood as a direct proxy for whether data
points are or can be obtained from a voxel, or whether a voxel is permitted (i.e., receiving
unmodified processing) or forbidden (i.c., receiving modified processing).

[0060] As shown in step 702, the process 700 may begin with storing a spatial
matrix in a memory, such as the spatial matrix described above that includes information
for a plurality of voxels in a mesh of a scan space.

[0061] As shown in step 704, three-dimensional data may be obtained from an
object within a scan space using, ¢.g., any of the scanners described above.

[0062] As shown in step 706, the process 700 may include identifying at least
one of the plurality of voxels in the scan space that is unoccupied. This may be
accomplished, for cxample, using any suitable ray tracing softwarc or algorithm. A
variety of commercially available software tools (e.g. 3D-DDA) and general algorithms
(e.g., Bresenham’s line algorithm) are known in the art for traversing voxels in a space
and identifying what voxels contain a ray, any of which may be usefully adapted to
identifying unoccupied voxels in a scan space as contemplated herein. In a ray tracing
embodiment, unoccupied space may, for example, include voxels behind or beyond a
known surface of an object, or voxels between a scanner and the surface, as well as
combinations of these. In another aspect, other information may also or instead be used to
determine whether a voxel should be forbidden or permitted. For example, for a voxel to
be forbidden, the process 700 may provide a threshold for a minimum number of adjacent
voxels that are already identified as forbidden. In another aspect, the number of rays
passing through a voxel may be counted and used, ¢.g., as a minimum threshold for
identifying a voxel as forbidden. For occluded surfaces of the scanned object, the process
700 may provide an offset or step away from the border of the occlusion in a field of

view. More generally, any suitable techniques for characterizing a voxel as containing or
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not containing the surface of interest may be suitably employed to identify prohibited
space as contemplated herein.

[0063] In one aspect, voxels in a spatial margin of one or more voxels adjacent
to a surface of an object being scanned may be prevented from being flagged as
prohibited. That is, in order to ensure accuracy of the model, immediately adjacent data
may be included regardless of whether an associated voxel is believed to be unoccupied.
The spatial margin may, for example, be a single layer of voxels, or a number or depth of
voxels as determined, for example, with reference to a standard deviation of z-axis
measurements of a scanner. Thus for example, a voxel may be treated as “permitted’
regardless of whether it is occupied by three-dimensional data points if the voxel is
within a distance from the surface of a scan subject that is less than one standard
deviation, two standard deviations, or some other multiple of the standard deviation of z-
axis measurements of the scanner. By controlling this metric, a scanning process may
include more or less marginal data that is adjacent to but not on an inferred surface of the
object.

[0064] As shown in stcp 708, the process 700 may include storing an indication
for modified processing of the one of the plurality of voxels in the spatial matrix 710.
After completing this step for one or more of the plurality of voxels, the spatial matrix
identifies a prohibited volume that includes one or more voxels within the scan space. It
will be understood that identifying the prohibited volume may be a cumulative process
that is repeated as each new frame of three-dimensional data is repeated for a scan such
as the sequential scans described above. Thus for example, each frame of data may
provide different information on surfaces of the object that are occluded, that have
changed, or that have disappeared, and this information may be generally used to update
the spatial matrix in any suitable way. In general, it is contemplated that every voxel of
the matrix is a permitted voxel until a reliable inference can be made that the voxel
should be prohibited. However, this is not strictly required, and variations to this initial
condition may be made without departing from the scope of this disclosure.

[0065] Asnoted above, a voxel in the prohibited volume —i.e., a voxel that
receives modified processing — is not necessarily a voxel that is unoccupied. For

example, if a new frame of data provides a first instance of a point, surface, or object that

Page 24 of 35
-243-



EFS Web PATENTS
67368US002

is not in a voxel in previous frames of data, then the voxel is occupied even though
nominally ‘prohibited’. Conversely, an unoccupied voxel may be nominally ‘permitted,’
such as a margin of voxels around a surface of an object, or a voxel for which sufficient
data has not yet been acquired to conclude that the voxel should receive modified
processing (i.e., that the voxel is ‘prohibited’). The prohibited volume may generally
include more than one of the voxels in the mesh or spatial matrix.

[0066] The process 700 may then return to step 704 where additional three-
dimensional data is obtained.

[0067] Concurrently with or subsequent to the identification of a prohibited
volume, the process 700 may engage in a three-dimensional scanning process to obtain a
three-dimensional surface representation or other digital model of a scan subject.

[0068] As shown in step 712, the process 700 may include obtaining three-
dimensional data. This may be the same data acquired in step 704, or different data, or
some combination of these.

[0069] As shown in step 714, one or more corresponding voxels may be
identificd in the spatial matrix 710. In this step, the location may be uscd to retricve a
processing indicator such as a ‘permitted’ or ‘forbidden’ flag for voxels from the spatial
matrix 710. This information may in turn be used to apply differential processing as
described below.

[0070] As shown in step 716, the process 700 may include processing a portion
of the three-dimensional data that is not in the prohibited volume — or alternatively stated,
three-dimensional data that is in the permitted volume of the scan space -- according to
an unmodified or normal processing. This may include any processing associated with
the acquisition of three-dimensional data such as derivation of a camera path for a
scanner, feature-based or other derivation of individual three-dimensional data points
from frames of video or image data, registration of three-dimensional surfaces and so
forth. In general, it is contemplated that any three-dimensional process that does not use
space carving or the like may be performed in an ‘unmodified’ processing step as that
term is used herein, including without limitation acquisition, display, and refinement

(e.g., optimization, error minimization, etc.) of a three-dimensional surface representation
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based on, ¢.g., a sequence of frames of image data or the like from a three-dimensional
scanner.

[0071] As shown in step 718, the process 700 may include processing a portion
of the three-dimensional data that is in the prohibited volume according to the modified
processing. Modified processing may include any processing suitable for data in the
‘prohibited’ volume.

[0072] Modified processing may, for example, include selective use of three-
dimensional data points in a three-dimensional reconstruction according to whether they
are in prohibited or permitted volumes of the scan space. For example, a reconstruction
process may treat data within the prohibited volume as outliers that are excluded from
processing. Or data in the prohibited volume may be de-weighted or otherwise de-
emphasized in the reconstruction process. This data exclusion or de-weighting may be
performed in a real time reconstruction process while three-dimensional data is being
displayed, or in a post-processing refinement step, or some combination of these. Thus in
one aspect, modified processing includes omitting any points in the prohibited volume
from a high-accuracy rcfinement of the three-dimensional data.

[0073] In another aspect, modified processing may include controlling how data
in the prohibited volume is displayed. For example, data within the prohibited volume
may be excluded from display, or may be displayed temporarily using a brief decay time
such as 0.5 seconds or any other short interval.

[0074] In another aspect, modified processing may include controlling how data
in the prohibited volume is used in a surface mesh of the three-dimensional data. For
example, points in the prohibited volume may be excluded from a surface mesh of the
scanned object created from the three-dimensional (point) data using a marching cubes
grid or other surface mesh algorithm. In another aspect, where a processing grid for the
surface mesh is identical (or substantially identical) to the mesh of the spatial matrix,
voxels from the prohibited volume may be excluded entirely from the surface mesh.
Surface mesh generation is a known technique for representing a three-dimensional shape
as a collection of vertices, edges and faces that form polygons (e.g., triangles,
quadrilaterals). In one aspect, the processing mesh for generating such a surtace from the

three-dimensional data may be co-extensive and equally dimensioned with the mesh used
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for the spatial matrix, although this is not strictly required. Thus in one aspect the mesh of
the scan space used for the spatial matrix may divide the scan space into a spatial grid
that is substantially identical to a second spatial grid used to create a surface mesh from
the three-dimensional data. In another aspect, the meshes may provide different
processing resolutions and/or be unaligned spatially.

[0075] After modified and/or unmodified processing has been performed on
three-dimensional data, the process 700 may return to step 712 where additional three-
dimensional data is acquired. This process 700 may continue until a scan is manually or
automatically stopped, or otherwise terminated.

[0076] As such there is generally disclosed herein methods and systems for
differential processing of data in a three-dimensional data acquisition process according
to where the data occurs in a scan space. It will be appreciated that, while the process 700
of Fig. 7 is representative, numerous variations may be made without departing from the
scope of the invention. For example space carving and data processing (e.g., of steps 716,
718) may be performed independently, or within a single repeating sequential process, or
somc combination of thesc. In addition, identifying the prohibitcd volume, or portions
thereof, may be performed before, during, or after the data processing of steps 716 and
718, or some combination of these. Still more generally, any order and combination of
steps that might be recognized as useful for identifying forbidden/permitted voxels in a
scan space on one hand, and acquiring data for a three-dimensional reconstruction on the
other, may be adapted to use with the methods and systems described herein without
departing from the scope of this disclosure.

[0077] It will be appreciated that the processes and methods disclosed above
may be realized in hardware, software, or any combination of these suitable for the three-
dimensional imaging and modeling techniques described herein. It will also be
appreciated that the user interfaces, user interface controls, and methods of using same, as
well as the visualizations, digital model processing and analysis, and rendering as
described herein may similarly be expressed as methods or processes embodied in
hardware, software, and various combinations thereof. Thus in one aspect there is

disclosed herein a computer program product comprising computer executable code
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stored in a transitory or non-transitory medium that, when executing on one or more
computers, performs any one or more of the steps described above.

[0078] This also includes realization in one or more microprocessors,
microcontrollers, embedded microcontrollers, programmable digital signal processors or
other programmable devices, along with internal and/or external memory. The hardware
may also, or instead, include one or more application specific integrated circuits,
programmable gate arrays, programmable array logic components, or any other device or
devices that may be configured to process electronic signals. It will further be appreciated
that a realization may include computer executable code created using a structured
programming language such as C, an object oriented programming language such as
C++, or any other high-level or low-level programming language (including assembly
languages, hardware description languages, and database programming languages and
technologies) that may be stored, compiled or interpreted to run on one of the above
devices, as well as heterogeneous combinations of processors, processor architectures, or
combinations of different hardware and software. At the same time, processing may be
distributed across devices such as a camcra and/or computer in a number of ways or all of
the functionality may be integrated into a dedicated, standalone image capture device. All
such permutations and combinations are intended to fall within the scope of the present
disclosure.

[0079] It will also be appreciated that means for performing the steps associated
with the processes described above may include any suitable components of the image
capture system 100 described above with reference to Fig. 1, along with any software
and/or hardware suitable for controlling operation of same. The user interfaces described
herein may, for example, be rendered within the display 110 of the image capture system
100 of Fig. 1. All such realizations and means for performing the processes disclosed
herein are intended to fall within the scope of this disclosure.

[0080] While the invention has been disclosed in connection with certain
preferred embodiments, other embodiments will be recognized by those of ordinary skill
in the art, and all such variations, modifications, and substitutions are intended to fall

within the scope of this disclosure. Thus, the invention is to be understood with reference

Page 28 of 35
-247-



EFS Web PATENTS
67368US002

to the following claims, which are to be interpreted in the broadest sense allowable by

law.
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ABSTRACT

[0081] Three-dimensional scanning is improved with the use of space carving
to exclude certain scan results from processing and display. Using space carving
techniques, a spatial matrix is maintained to store data on volumetric regions (or voxels)
known to be empty. By excluding or modifying processing of outlier data from within
these unoccupied voxels, a three-dimensional reconstruction process can achieve
concurrent improvements in accuracy and speed. In addition, a real time display of scan

results can be improved by modifying how such outliers are rendered.
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CLAIMS:

‘What is claimed is:

1. A method comprising:

storing a spatial matrix in a memory, the spatial matrix including information for a
plurality of voxels in a mesh of a scan space;

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

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

storing an indication in the spatial matrix for a modified processing of data from the one
of the plurality of voxels, thereby identifying a prohibited volume within the scan space; and

processing a portion of the three-dimensional data that is not in the prohibited volume
according to an unmodified processing and processing a second portion of the three-dimensional

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

2. The method of claim 1 wherein identifying the one of the plurality of voxels includes

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

3. The method of claim 1 further comprising providing a spatial margin of one or more

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

4. The method of claim 3 wherein the spatial margin is a multiple of a standard deviation of

a z-axis measurement for the scanner.

5. The method of claim 1 wherein the modified processing includes detecting a point in the

prohibited volume and displaying the point with a decay time.

6. The method of claim 1 wherein the modified processing includes omitting any points in

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

7. The method of claim 6 wherein the mesh divides the scan space into a spatial grid

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

24
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8. The method of claim 1 wherein the modified processing includes omitting any points in

the prohibited volume from a high-accuracy refinement of the three-dimensional data.

9. The method of claim 1 wherein the mesh of the scan space is subdivided into voxels

having a substantially cubic shape.

10. The method of claim 9 wherein the substantially cubic shape measures about 250 microns

on each edge.

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

plurality of voxels.

12. The method of claim 1 wherein the spatial matrix includes a binary flag for each one of
the plurality of voxels that indicates whether processing is permitted or forbidden for a

corresponding volume of the scan space.

13. A computer program product comprising computer executable code embodied on a non-
transitory computer readable medium that, when executing on one or more computing devices,
performs the steps of:

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

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

1dentifying one of the plurality of voxels in the mesh of the scan space that is unoccupied;

storing an indication in the spatial matrix for a modified processing of data from the one
of the plurality of voxels that contains the point, thereby identifying a prohibited volume within
the scan space; and

processing a portion of the three-dimensional data in the prohibited volume according to
the modified processing and processing a second portion of the three-dimensional data that is not

in the prohibited volume according to an unmodified processing.
14. The computer program product of claim 13 wherein identifying the one of the plurality of

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

are unoccupied.
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15. The computer program product of claim 13 further comprising code for providing a
spatial margin of one or more voxels adjacent to a surface of the object for which processing

cannot be prohibited.

16. The computer program product of claim 15 wherein the spatial margin is a multiple of a

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

17. The computer program product of claim 13 wherein the modified processing includes

detecting a point in the prohibited volume and displaying the point with a decay time.

18. The computer program product of claim 13 wherein the modified processing includes
omitting any points in the prohibited volume from a surface mesh of the object created with the

three-dimensional data.

19. The computer program product of claim 18 wherein the mesh divides the scan space into

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

20. The computer program product of claim 13 wherein the modified processing includes
omitting any points in the prohibited volume from a high-accuracy refinement of the three-

dimensional data.

21. The computer program product of claim 13 wherein the mesh of the scan space is

subdivided into voxels having a substantially cubic shape.

22. The computer program product of claim 21 wherein the substantially cubic shape

measures about 250 microns on each edge.

23. The computer program product of claim 13 wherein the prohibited volume includes more

than one of the plurality of voxels.

24. The computer program product of claim 13 wherein the spatial matrix includes a binary
flag for each one of the plurality of voxels that indicates whether processing is permitted or

forbidden for a corresponding volume of the scan space.
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25. A system comprising:

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

a memory configured to store a spatial matrix that includes information for a plurality of
voxels in a mesh of a scan space; and

a processor configured to identify a point in the scan space that is unoccupied, to store an
indication in the spatial matrix for a modified processing of data from a one of the plurality of
voxels that contains the point, thereby identifying a prohibited volume within the scan space, to
process a portion of the three-dimensional data that is not in the prohibited volume according to
an unmodified processing, and to process a second portion of the three-dimensional data that is in

the prohibited volume according to the modified processing.

26. A system comprising:

storing means for storing a spatial matrix that includes information for a plurality of
voxels in a mesh of a scan space;

scanning means for obtaining three-dimensional data from an object within the scan
space; and

processing means for identifying a point in the scan space that is unoccupied, storing an
indication in storing means for a modified processing of data from a one of the plurality of voxels
that contains the point, thereby identifying a prohibited volume within the scan space, processing
a portion of the three-dimensional data that is not in the prohibited volume according to an
unmodified processing and processing a second portion of the three-dimensional data that is in

the prohibited volume according to the modified processing.
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SPACE CARVING IN 3D DATA ACQUISITION

BACKGROUND

1. Field of the Invention.

[0001] The invention relates to the use of space carving to improve three-
dimensional data acquisition.

2. Description of the Related Art.

[0002] A wide range of techniques exist for acquiring three-dimensional data from
a subject. One broad category of techniques employs continuous scanning in which
incremental three-dimensional data is acquired and assembled into a full three-dimensional
model. In this latter category, regardless of the particular scanning technology, the calculation
and display of three-dimensional data can become encumbered by transient obstructions
within a scanning volume. For example, in a dental scan, a patient’s tongue or other soft
tissue may temporarily obstruct or move adjacent to a scanned surface. A technician may
similarly obstruct a scanner’s view of the scanned surface with a finger, tongue depressor, or
other instrument. There remains a need for techniques to exclude such outliers from a three-

dimensional scanning process.

SUMMARY

[0003] Three-dimensional scanning is improved with the use of space carving to
exclude certain scan results from processing and display. Using space carving techniques, a
spatial matrix is maintained to store data on volumetric regions (or voxels) known to be
empty. By excluding or modifying processing of subsequent outlier data from within these
unoccupied voxels, a three-dimensional reconstruction process can achieve concurrent
improvements in accuracy and speed. In addition, a real time display of scan results can be
improved by modifying how such outliers are rendered.

[0004] In one aspect, a method disclosed herein includes storing a spatial matrix
in a memory, the spatial matrix including information for a plurality of voxels in a mesh of a
scan space; obtaining three-dimensional data from an object within the scan space
using a scanner; identifying a one of the plurality of voxels in the mesh that is unoccupied;
storing an indication in the spatial matrix for a modified processing of data from the one of
the plurality of voxels, thereby identifying a prohibited volume within the scan space; and
processing a portion of the three-dimensional data that is not in the prohibited volume
according to an unmodified processing and processing a second portion of the three-

dimensional data that is in the prohibited volume according to the modified processing.
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[0005] Identifying the one of the plurality of voxels may include identifying a
plurality of points on a ray between the scanner and the object that are unoccupied. The
method may include providing a spatial margin of one or more voxels adjacent to a surface of
the object for which processing cannot be prohibited. The spatial margin may be a multiple of
a standard deviation of a z-axis measurement for the scanner. The modified processing may
include detecting a point in the prohibited volume and displaying the point with a decay time.
The modified processing may include omitting any points in the prohibited volume from a
surface mesh of the object created with the three-dimensional data. The mesh may divide the
scan space into a spatial grid substantially identical to a second spatial grid used to create the
surface mesh. The modified processing may include omitting any points in the prohibited
volume from a high-accuracy refinement of the three-dimensional data. The mesh of the scan
space may be subdivided into voxels having a substantially cubic shape. The substantially
cubic shape may measure about 250 microns on each edge. The prohibited volume may
include more than one of the plurality of voxels. The spatial matrix may include a binary flag
for each one of the plurality of voxels that indicates whether processing is permitted or
forbidden for a corresponding volume of the scan space.

[0006] In another aspect, a computer program product disclosed herein includes
computer executable code embodied on a non-transitory computer readable medium that,
when executing on one or more computing devices, performs the steps of: storing a spatial
matrix in a memory, the spatial matrix storing information for a plurality of voxels in a mesh
of a scan space; obtaining three-dimensional data from an object within the scan space using a
scanner; identifying one of the plurality of voxels in the mesh of the scan space that is
unoccupied; storing an indication in the spatial matrix for a modified processing of data from
the one of the plurality of voxels that contains the point, thereby identifying a prohibited
volume within the scan space; and processing a portion of the three-dimensional data in the
prohibited volume according to the modified processing and processing a second portion of
the three-dimensional data that is not in the prohibited volume according to an unmodified
processing.

[0007] In another aspect, a system disclosed herein includes a scanner configured
to obtain three-dimensional data from an object within a scan space; a memory configured to
store a spatial matrix that includes information for a plurality of voxels in a mesh of a scan
space; and a processor configured to identify a point in the scan space that is unoccupied, to
store an indication in the spatial matrix for a modified processing of data from a one of the
plurality of voxels that contains the point, thereby identifying a prohibited volume within the
scan space, to process a portion of the three-dimensional data that is not in the prohibited
volume according to an unmodified processing, and to process a second portion of the three-

dimensional data that is in the prohibited volume according to the modified processing.
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[0008] In another aspect, a system disclosed herein includes storing means for
storing a spatial matrix that includes information for a plurality of voxels in a mesh of a scan
space; scanning means for obtaining three-dimensional data from an object within the scan
space; and processing means for identifying a point in the scan space that is unoccupied,
storing an indication in storing means for a modified processing of data from a one of the
plurality of voxels that contains the point, thereby identifying a prohibited volume within the
scan space, processing a portion of the three-dimensional data that is not in the prohibited
volume according to an unmodified processing and processing a second portion of the three-

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

BRIEF DESCRIPTION OF THE FIGURES

[0009] The invention and the following detailed description of certain
embodiments thereof may be understood by reference to the following figures.

[0010] Fig. 1 shows a dental image capture system.

[0011] Fig. 2 depicts a view of a user interface for an image capture system.

[0012]  Fig. 3 depicts a view of a user interface for an image capture system.

[0013] Fig. 4 depicts a view of a user interface for an image capture system during
an acquisition of three-dimensional data.

[0014]  Fig. 5 illustrates a spatial matrix for use in space carving.

[0015]  Fig. 6 illustrates a ray trace used to identify unoccupied space.

[0016] Fig. 7 is a flow chart of a process for displaying data based on a spatial

matrix.

DETAILED DESCRIPTION

[0017] The following description relates to use of space carving techniques to
improve processing of three-dimensional data acquired from a three-dimensional scanner.
While the description emphasizes continuous scanning and dental applications, it will be
appreciated that the inventive concepts disclosed herein are not limited to the specific
embodiments disclosed. For example, the space carving techniques described herein may be
used to improve any three-dimensional acquisition or processing in which the capture of
three-dimensional data occurs over a period of time such as structured light projection, x-ray
computed tomography, optical coherence tomography, interferometry, and the like. The
techniques described herein may similarly be employed in any three-dimensional processing
environment where accuracy or time of computation can benefit from the exclusion of outlier
data. Similarly, while the following description emphasis use of space carving to avoid
processing known outliers, the approach may be readily generalized by, for example, by

identifying multiple objects in a scan volume and excluding objects that are not rigidly
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associated with a scan subject. All such variations that would be apparent to one of ordinary
skill in the art are intended to fall within the scope of this disclosure.

[0018] In the following description, the term “image” generally refers to a two-
dimensional set of pixels forming a two-dimensional view of a subject within an image plane.
The term “image set” generally refers to a set of related two dimensional images that might be
resolved into three-dimensional data. The term “point cloud” generally refers to a three-
dimensional set of points forming a three-dimensional view of the subject, such as might be
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 constructed from images captured by, for example, a moving camera. Thus it will
be understood that pixels generally refer to two-dimensional data and points generally refer to
three-dimensional data, unless another meaning is specifically indicated or otherwise clear
from the context.

[0019] The terms “three-dimensional surface representation”, “digital surface
representation”, “three-dimensional surface map”, and the like, as used herein, are intended to
refer to any three-dimensional surface map of an object, such as a point cloud of surface data,
a set of two-dimensional polygons, a particle system, or any other renderable primitives or
other data representing all or some of the surface of an object, as might be obtained through
the capture and/or processing of three-dimensional scan data, unless a different meaning is
explicitly provided or otherwise clear from the context.

[0020] A “three-dimensional representation” may include any of the three-
dimensional surface representations described above, as well as volumetric, vector, and/or
other representations, unless a different meaning is explicitly provided or otherwise clear
from the context.

[0021] In general, the terms “render” or “rendering” refer to a two-dimensional
visualization of a three-dimensional object, such as for display on a monitor. However, it will
be understood that stereoscopic, three-dimensional, and other rendering technologies exist,
and may be usefully employed with the systems and methods disclosed herein to render
objects in three dimensions. As such, rendering should be interpreted broadly unless a
narrower meaning is explicitly provided or otherwise clear from the context.

[0022] The term “dental object”, as used herein, is intended to refer broadly to
subject matter specific to dentistry. This may include intraoral structures such as dentition,
and more typically human dentition, such as individual teeth, quadrants, full arches, pairs of
arches which may be separate or in various types of occlusion, soft tissue, and the like, as
well bones and any other supporting or surrounding structures. As used herein, the term
“intraoral structures” refers to both natural structures within a mouth as described above and

artificial structures such as any of the dental objects described below that might be present in
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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 which may not be intraoral structures as described above, such as dental
models (full and/or partial), wax-ups, investment molds, and the like, as well as trays, bases,
dies, and other components employed in the fabrication of restorations, prostheses, and the
like. Dental objects may be categorized in a number of ways. For example, dental objects may
be categorized as natural dental objects such as the teeth, bone, and other intraoral structures
described above and artificial dental objects such as the restorations, prostheses, appliances,
hardware, and interim components of dental manufacture as described above. Similarly,
dental objects may be categorized intraoral dental objects (which may be natural or artificial)
and extraoral dental objects (which are generally but not exclusively artificial).

[0023] Terms such as “digital dental model”, “digital dental impression” and the
like, are intended to refer to three-dimensional representations of dental objects that may be
used in various aspects of acquisition, analysis, prescription, and manufacture, unless a
different meaning is otherwise provided or clear from the context. Terms such as “dental
model” or “dental impression” are intended to refer to a physical model, such as a cast,
printed, or otherwise fabricated physical instance of a dental object. Unless specified or
otherwise clear from the context, the term “model”, when used alone, may refer to either or
both of a physical model and a digital model.

[0024] Fig. 1 shows an image capture system. In general, the system 100 may
include a scanner 102 that captures images of a subject 104 within an image plane 106, and
forwards the images to a computer 108, which may include a display 110 and one or more
user input devices such as a mouse 112 or a keyboard 114.

[0025]  The scanner 102 may include any camera or camera system suitable for
capturing images from which a three-dimensional point cloud may be recovered. For
example, the scanner 102 may employ a multi-aperture system as disclosed, for example, in

U.S. Pat. Pub. No. 20040155975 to Hart et al. While Hart discloses one multi-aperture
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system, it will be appreciated that any multi-aperture system suitable for reconstructing a
three-dimensional point cloud from a number of two-dimensional images may similarly be
employed, including systems with moving apertures, fixed apertures, and/or electro-
mechanically shuttered apertures. In one multi-aperture embodiment, the scanner 102 may
include a plurality of apertures including a center aperture positioned along a center optical
axis of a lens and any associated imaging hardware. The scanner 102 may also, or instead,
include a stereoscopic, triscopic or other multi-camera or other configuration in which a
number of cameras or optical paths are maintained in fixed or moving relation to one another
to obtain two-dimensional images of an object from a number of slightly different
perspectives. The scanner 102 may include suitable processing for deriving a three-
dimensional point cloud from an image set or a number of image sets, or each two-
dimensional image set may be transmitted to an external processor such as contained in the
computer 108 described below. In other embodiments, the scanner 102 may employ
structured light, laser scanning, direct ranging (for example, time of flight in a known
direction), or any other technology suitable for acquiring three-dimensional data, or two-
dimensional data that can be resolved into three-dimensional data.

[0026] In one embodiment, the scanner 102 is a handheld, freely positionable
probe having at least one user input device, such as a button, lever, dial, thumb wheel, switch,
or the like, for user control of the image capture system 100 such as starting and stopping
scans. In an embodiment, the scanner 102 may be shaped and sized for dental scanning. More
particularly, the scanner may be shaped and sized for intraoral scanning and data capture,
such as by insertion into a mouth of an imaging subject and passing the imaging plane 106
over one or more intraoral structures at a suitable distance to acquire surface data from teeth,
gums, and so forth. The scanner 102 may, through such a continuous acquisition process,
capture a point cloud of surface data having sufficient spatial resolution and accuracy to
prepare dental objects such as prosthetics, hardware, appliances, and the like therefrom, either
directly or through a variety of intermediate processing steps. In other embodiments, surface
data may be acquired from a dental model such as a dental prosthetic, to ensure proper fitting
using a previous scan of corresponding dentition, such as a tooth surface prepared for the
prosthetic.

[0027]  Although not shown in Fig. 1, it will be appreciated that a number of
supplemental lighting systems may be usefully employed during image capture. For example,
environmental illumination may be enhanced with one or more spotlights illuminating the
subject 104 to speed image acquisition and improve depth of field (or spatial resolution
depth). The scanner 102 may also, or instead, include a strobe, flash, or other light source to
supplement illumination of the subject 104 during image acquisition. In other structured light

systems, the illumination may be in the form of an array of laser beams that form a pattern on
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a surface, which pattern may be employed to recover three-dimensional data from the surface.
Other systems employ a single laser beam along with directional information to gather point-
by-point direction and range information. All such imaging systems may be usefully
employed to acquire three-dimensional data as described herein.

[0028] The subject 104 may be any object, collection of objects, portion of an
object, or other subject matter. While illustrated in Fig. 1 as a simple geometric form, the
subject 104 may include much more complex surfaces, and any number of separate elements.
For example, in a dental imaging application, the subject 104 may include a tooth, a quadrant
of teeth, or a full collection of teeth including two opposing arches from which a virtual
dental impression is desired. The subject 104 may also, or instead, include a dental prosthesis
such as an inlay, a crown, or any other dental prosthesis, implant, or the like. The subject 104
may include a dental model, such as a plaster cast, wax-up, impression, or negative
impression of a tooth, teeth, soft tissue, or some combination of these. An optical or textured
imaging agent may optionally be applied to surfaces of the subject 104 to improve capture of
three dimensional points. In other embodiments, the subject 104 may be a human head, ora
portion thereof, from which a three-dimensional model may be acquired for custom fitting of
a hearing aid, eyeglasses, goggles, or the like. In other embodiments, the subject 104 may be a
physical model of an object for use in digital animation, such as a miniature, physical model
for use in a three-dimensional digital animation process. From the preceding examples, it will
be apparent that a system using the techniques described herein may be suitably adapted to a
wide range of applications for relatively short range, high resolution three-dimensional image
acquisition. However, one skilled in the art will appreciate that suitable adaptations to the
image capture system 100 may be made for a variety of other three-dimensional imaging
applications based upon multi-aperture or multi-camera systems, as well as other three-
dimensional imaging systems and technologies, and all such variations are intended to fall
within the scope of this disclosure.

[0029] The image plane 106 may include a two-dimensional field of view of the
scanner 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
that, together with the field of view 106, specifies a measurement volume of the scanner 102.
The depth of field may vary with environmental conditions such as lighting (ambient or
artificial), the texture or optical properties of the imaging subject, and so forth. It will further
be understood that the term “field of view™, as used herein may refer to a two-dimensional

field such as an internal plane within the optics of an imaging system, an external plane such
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as a field in an imaging environment, or a region in a display, or may refer to a three-
dimensional region such as a current measurement volume in an imaging environment. Thus,
“field of view” as used herein should be interpreted in the broadest sense possible, unless a
more specific meaning is explicitly provided, or otherwise clear from the context.

[0030] The computer 108 may be, for example, a personal computer or other
processing device. In one embodiment, the computer 108 includes a personal computer with a
dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access memory, a
TYAN Thunder KEWE motherboard, and a 250 gigabyte, 10,000 rpm hard drive. This system
may be operated to capture approximately 1,500 points per image set in real time using the
techniques described herein, and store an aggregated point cloud of over one million points.
As used herein, the term “real time” means generally with no observable latency between
processing and display. In a video-based scanning system, real time more specifically refers
to processing within the time between frames of video data, which may vary according to
specific video technologies, but may generally be considered to fall between about ten frames
per second and about thirty frames per second for many of the applications described herein.
More generally, processing capabilities of the computer 108 may vary according to the size of
the subject 104, the speed of image acquisition, and the desired spatial resolution of three-
dimensional points. The computer 108 may also include peripheral devices such as a
keyboard 114, display 110, and mouse 112 for user interaction with the camera system 100.
The display 110 may be a touch screen display capable of receiving user input through direct,
physical interaction with the display 110.

[0031] Communications between the computer 108 and the scanner 102 may use
any suitable communications link including, for example, a wired connection or a wireless
connection based upon, for example, IEEE 802.11 (also known as wireless Ethernet),
BlueTooth, or any other suitable wireless standard using, for example, a radio frequency,
infrared, ultrasound or other wireless communication medium. In medical imaging or other
sensitive applications, wireless image transmission from the scanner 102 to the computer 108
may be secured. The computer 108 may generate control signals to the scanner 102 which, in
addition to image acquisition commands, may include conventional camera controls such as
focus or zoom.

[0032] In an example of general operation of a three-dimensional image capture
system 100, the scanner 102 may acquire two-dimensional image sets at a video rate while the
scanner 102 is passed over a surface of the subject. The two-dimensional image sets may be
forwarded to the computer 108 for derivation of three-dimensional point clouds. The three-
dimensional data for each newly acquired two-dimensional image set may be derived and
fitted or “stitched” to existing three-dimensional data using a number of different techniques.

One useful example of such a technique is described in commonly-owned U.S. App. No.
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11/270,135, filed on November 9, 200. However, it will be appreciated that this example is
not limiting, and that the principles described herein may be applied to a wide range of three-
dimensional image capture systems. It will also be understood that terms such as “video” or
“video rate” imply a wide range of possible frame rates associated with such video. While
most modern video formats employ a frame rate of 25 to 30 frames per second, early video
employed frame rates as low as 8 frames per second, and movies of the early 1900’s varied
from 12 to 18 frames per second. In addition, it is common for specialized imaging equipment
to employ a rate adapted to the computational demands of particular imaging and rendering
techniques, and some video systems operate with frame rates anywhere from 4 frames per
second (for computationally extensive imaging systems) to 100 frames per second or higher
(for high-speed video systems). As used herein, the terms video rate and frame rate should be
interpreted broadly. Notwithstanding this broad meaning, it is noted that useful and visually
pleasing three-dimensional imaging systems have been constructed according to the foregoing
with frame rates of at least ten frames per second, frame rates of at least twenty frames per
second, and frame rates between 25 and 30 frames per second.

[0033] It will be appreciated that the ability of certain systems, such as
multiaperture camera systems, to derive three-dimensional data from two-dimensional video
image sets may depend in part on an ability to establish correspondence of surface points
between image pairs (or triplets, and so on). The process of establishing point
correspondences may be improved by identifying, within the processing system, unique
features of the surface upon which correspondence may be based. In certain aspects,
distinguishing features of teeth at varying levels of detail may be employed to enhance this
process. However, this process depends on an ability to locate such distinguishable features.
The process of establishing point correspondences may also, or instead, be enhanced by the
addition of optically detectable features thereto, which may be as simple as artificial black
dots distributed over a white or relatively light surface. In a dental context, this may be
achieved with a spray, powder, mouth rinse, or the like that distributes optically detectable
matter across the dentition or other dental object to be scanned. By randomly distributing such
small, distinguishable dots across the surface, the likelihood of locating distinguishable
features in a particular image set may be significantly improved, thus improving the speed
and accuracy of the overall three-dimensional data acquisition process.

[0034] From time to time in continuous or incremental data acquisition systems,
the fitting or stitch between two frames may fail for reasons described in greater detail below.
In such situations, a user may be notified through visual feedback that a recover mode has
been entered. In the recover mode, the system 100 may seck to reacquire the previous scan by
test fitting new scan data to previously acquired data, and providing visual feedback to a user

to assist in navigating back to a scan location on the subject where the re-acquisition is being
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attempted. In a related landing mode, a user may attempt to initiate a new scan registered or
connected to an existing three-dimensional model. Similar visual feedback tools may be
provided to guide a user to an appropriate scan location, and notify a user when the scan has
been reacquired. These techniques are described in greater detail in commonly-owned U.S.
App. No. 11/383,623, filed on May 16, 2006. Other suitable techniques may be employed for
navigation, controlling scan quality, analyzing scanned subject matter, and manipulating
scanned models, various embodiments of which are described in greater detail below.

[0035] The display 110 may include any display suitable for video or other rate
rendering at a level of detail corresponding to the acquired data or a rendered version of the
acquired data. Suitable displays include cathode ray tube displays, liquid crystal displays,
light emitting diode displays, plasma displays, and the like. In some embodiments, the display
may include a touch screen interface using, for example capacitive, resistive, or surface
acoustic wave (also referred to as dispersive signal) touch screen technologies, or any other
suitable technology for sensing physical interaction with the display 110. In addition, where
three-dimensional visualization is desired, the display 110 may include a three-dimensional
display using a wide variety of techniques including stereo pair imaging, holographic
imaging, and multiplanar or volumetric imaging, each with a number of rendering modalities
that may be usefully employed with the systems described herein.

[0036] Fig. 2 depicts a view of a user interface for an image capture system. The
user interface 200 may include a window 202 rendered on a monitor such as the display 110
of Fig. 1. Within the window 202, a video image may be displayed including a measurement
volume of a scanner, such as the image plane 106 of the scanner 102 of Fig. 1. Within the
field of view or measurement volume, a video or other image of a subject such as the subject
104 of Fig. 1 may be displayed. However, as depicted in Fig. 2, no image acquisition steps
have been initiated, so the window 202 remains blank except for various controls which will
be described below.

[0037]  Scanning controls may include, for example, a scan control 204, a pause
control 206, a stop control 208, a clear control 210, a save control 212, and a retrieve control
214. The scan control 204 may initiate a three-dimensional scan. The pause control 206 may
temporarily discontinue a scan in a manner that permits subsequent reacquisition of a
continuous scanning process. The paused scan may exhibit a number of visual properties. For
example, the video image may be frozen, or the video image may continue to display current
video information while a point cloud or other scan data remains frozen, or the screen may go
entirely blank, or some combination of these, all according to user preferences or a particular
implementation. In general, a paused scan may remain active so that a user may resume the
scan. By contrast, if a user activates the stop control 208, the scan may be terminated, such

that a user would have to retrieve the scan, such as using the retrieve control 214 in order to
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continue adding data thereto. The save control 212 may store a scan and any related data for
subsequent use. These controls may operate as buttons that a user activates to perform the
indicated function, such as through a mouse click or, where the display 110 is a touchscreen,
by direct physical interaction with the display 110. It will be appreciated that activation of the
control may create a pop-up window, or provide drop down lists, radio buttons, text input
fields, and any other controls suitable for parameterizing the particular selection. Thus for
example, where a user activates the save control 212, a text box may appear for a user to enter
a filename, directory or path information, and the like for saving any related data. Numerous
techniques for organizing user interfaces and providing controls within a user interface are
known in the art, and may be suitably adapted to the interface 200 described herein.

[0038] A number of navigation controls may be provided, such as a zoom out
control 216, a zoom in control 218, a zoom indicator 220, a rotate control 222, a pan control
224, and a reset control 226. These controls may be used to view an acquired three-
dimensional representation after a scan has been completed or, where a pause/resume feature
is provided, during a scan. The reset control 226 may, for example, restore a view of a three-
dimensional representation to a global coordinate system, or to a most recent view from
which data was acquired during a scan.

[0039] A number of range finding visualizations may also be included that provide
visual cues related to one or more scanning parameters of an image capture system. These
visualizations may be rendered in real time, for example, at the video rate of the image
capture system, to provide real time user feedback and guidance with respect to proper
orientation and positioning of a scanner during a scan. The user feedback may improve the
quality and speed of data acquisition, particularly during continuous scanning operations that
acquire a full three-dimensional representation of a subject as a sequence of fitted three-
dimensional surface samples. These visual cues may be particularly useful in continuous
three-dimensional data acquisition systems based upon camera motion estimation or similar
techniques. In such techniques, sequential frames of data are registered to one another using
various processing techniques such as those described in commonly owned U.S. App. No.
11/270,135, filed on November 9, 2005. This works well provided three-dimensional data can
be successfully resolved from each sequential frame of image data, and there is sufficiently
small displacement of the scanner that the data from sequential frames overlaps in three-
dimensional space. However, when this “stitching”™ of sequential frames is lost, such as due to
an operator moving outside the proper scanning distance, it can be very difficult to recover
the continuous acquisition. Visualization tools that guide a user toward maintaining proper
scanning distance advantageously promote a continuous, uninterrupted acquisition of three-

dimensional data for an entire surface of interest.
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[0040] For example, within a window 230 that shows a current video image from
the image plane 106 of the scanner 102 (which is blank in Fig. 2, as the system has not started
a scan), a volume 232 of space, such as the box depicted in Fig. 2, for which quality scan data
can be captured may be depicted in perspective. This volume 232 rendered within the imaging
space may assist a user in positioning subject matter within the video image appropriately for
data acquisition. In addition, sliders 234 may be animated along z-axis edges of the volume
232 to indicate a distance of points of three-dimensional data actually being acquired. This
may be based on, for example, a mean distance of some or all of the points, a distance of a
central point, a range of distances for all or some of the points, or a distance of a point at each
respective corner of the volume 232, such that the sliders 234 may move independently from
one another during a scan. Distance calculations may be based on a current frame of image
data, that is, the most recently acquired data set, or an average of a predetermined number of
immediately prior data sets, or upon all three-dimensional points of the three-dimensional
surface representation falling within the volume 432 without regard to when they were
acquired.

[0041]  As another example, a dynamic object 236 such as a sphere or bullseye
may be rendered in the center of the window 230. The dynamic object 236 may also, or
instead, be positioned at another location within the window; however positioning the
dynamic object 236 within the center of the window 230 advantageously permits a user to
receive visual feedback from the dynamic object 236 without looking away from current
video of the subject being scanned.

[0042] A number of useful animations may be provided by the dynamic object 236
to give user feedback to an operator of the image capture system 100. In one implementation,
the dynamic object 236 may be an animated bullseye that is color-coded to provide distance
information. The bullseye may, for example be rendered as concentric rings of different
colors, such as red, white, and blue, with the central color filling the entire bullseye when a
subject is properly distanced from the scanner. When the scanner moves too far from the
subject, a red ring may form around the white circle filling a greater portion of the bullseye as
the scanner moves further from a subject until the entire bullseye is completely red.
Conversely, when the scanner moves too close to a subject, a blue circle may appear within
the center of the white circle and grow in size as the scanner moves farther from the subject
until the entire circle is blue. In this manner, a user may receive continuous feedback with
respect to scan distance — a growing blue central circle as the scanner moves too close, and an
engulfing red ring when as the scanner moves too far away — so that the scanner may maintain
a proper distance from the subject for continuous acquisition of three-dimensional data in a
three-dimensional representation of the subject. One useful model for rendering such a

dynamic bullseye employs three co-axial cones of different colors, where the bullseye renders
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a planar cross-section of the three co-axial cones perpendicular to the common axis, and at a
point along the common axis selected according to relative range from the subject.

[0043]  In another example of animation, three concentric rings may be
continuously displayed within the bullseye, with the radius of each ring independently
controlled in proportion to the number of points that are too close, properly distanced, and too
far. In another possible animation, the center ring (a circle) may move within the bullseye
with an offset corresponding to an x-y displacement in the field of view or measurement
volume of a region of the surface having the greatest density of points at a target, or desirable,
scanning distance. Of course, it will be appreciated that the selection of colors for such
animations is somewhat arbitrary, although significant contrast in hue or intensity may assist
a user in recognizing deviations from an optimal scan distance.

[0044]  Other visual cues and/or metaphors may also, or instead, be employed, such
as a visualization of a plane passing through a sphere, active distance bars, animated text, or
other visualizations, any of which may provide animated, visual feedback based on, for
example, mean distance, center distance, or some other metric that can be derived from
scanner output. More generally, visual cues may provide feedback concerning any scanning
parameter such as depth of optimal data acquisition, width of field of view, rate of travel or
yaw of the scanner 102, density of data acquisition, and so forth, as well as various
combinations of these. These visual cues may provide graduated feedback to assist a user in
maintaining proper scan distance, and to inform a user when a scan has been lost.

[0045] Fig. 3 depicts a view of a user interface for an image capture system. This
abstracted drawing shows a window 302 of the user interface 300, which may be, for
example, the window 230 of Fig. 2, without the visual cues described therein. The window
302 may include a video image from a point of view of a scanner such as the image plane 106
of the scanner 102 described above with reference to Fig. 1. Within the window 302, the
video image may include a subject 304. As depicted in Fig. 3 (and not by way of limitation),
the subject 304 is a slender cylinder extended from a near end 306 relatively close to the
scanner to a distant end 308 relatively far from the scanner. During a continuous surface scan
of the subject 304, three-dimensional surface data may have been acquired, as indicated
generally by x’s, 0’s, and encircled +’s. Within the window 302, the three-dimensional
surface scan may be rendered from the point of view of the scanner, along with shading or
other visual effects to indicate shape and surface contours. The rendered three-dimensional
surface scan may be superimposed in a registered fashion directly over the video image (or
conversely, the video image may be superimposed on the rendered three-dimensional
surface). This superposition alone provides significant user information, such as what surface
regions of the subject 304 have been scanned. In addition, the rendered three-dimensional

surface scan may be color-coded or otherwise rendered to provide color information
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concerning, for example, what region is currently being scanned in the continuous data
acquisition process, what regions are too close to acquire scan data from, what regions are at a
proper distance for acquisition of surface data, and what regions are too far for surface data.
For example, if points on or near the near end 306 of the subject 304 are too close to acquire
scan data — these points are indicated in Fig. 3 as x’s — they may be rendered in a first color.
Points at an optimal scanning distance — indicated in Fig. 3 as 0’s — may be rendered in a
second color. Points too distance for acquisition of three-dimensional data — indicated in Fig.
3 as encircled +’s — may be rendered in a third color. Of course, this distance information may
not be directly relevant because the rendered points have already been acquired in three-
dimensional space. However, this color coding of the surface of the subject 304, as rendered
through the acquired three-dimensional digital surface representation, may provide useful
information to a user concerning the distance of the subject 304, particularly with respect to
regions of the subject 304 that have not yet been scanned.

[0046] It will be appreciated that, while only a dozen or so points have been drawn
in Fig. 3, a practical image capture system for use in dentistry and similar applications may
require spatial resolution on the order of 100 microns or less for sufficient detail to fabricate
properly fitting dental objects. As such, the actual point cloud acquired by the image capture
system for a subject such as a dental arch may contain thousands, tens of thousands, hundreds
of thousands, or millions of individual three-dimensional points, or more. While the small
number of points illustrated in Fig. 3 is intended to assist in explaining the nature of a point
cloud distribution and various rendering techniques applicable thereto with reference to the
specific points shown (the x’s, 0’s, and encircled x’s), the larger number of points available in
a typical scan can provide significantly improved visualization of surface contours and the
like. It should also be appreciated that the points used to render the digital surface
representation for display may include a subset of points in a full point cloud of acquired
three-dimensional data, with the density of points selected according to any suitable design
parameters including processing/rendering speed, need for contour visualization, and the like.
It will also be understood that the data in the three-dimensional scan may be internally
represented as points, particle systems, vectors, or any other suitable representation. Thus,
while the data may be rendered as a point cloud of any desired density, this may or may not
correspond to the internal representation of scan data. Further, the rendering may employ
techniques other than point rendering, such as a polygonal mesh or the like, with suitable
adaptations to the techniques described above for visualizing range, scan quality, and the like.

[0047] It will be appreciated that the capability of capturing highly detailed models
of dental objects, and in particular, the capability of capturing highly detailed digital surface

representations of dentition directly from an intraoral scan, enables an array of subsequent
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processing steps that may be useful to dentists, dental laboratory technicians, oral surgeons,
and the like. A number of such applications are now described in greater detail.

[0048] The embodiments described in reference to Fig. 2 and Fig. 3 emphasize the
use of an interface that displays a subject from a point of view of the scanner. However it will
be understood that alternative models may be used, such as an interface that renders acquired
data from a fixed point of view within a global coordinate system. In an approach employing
a fixed point of view, the generally visualization strategy may change, such as by providing
continues feedback as to the position of the scanner relative to the subject. However, the
visual cues described above may generally be adapted to such an environment, or other
environments, in a number of ways as will be readily appreciated by one of skill in the art.

[0049] In general, a system as described herein may have a number of operating
modes, such as a file management mode, a model editing mode, a model evaluation and/or
analysis mode, a scanning mode, and so forth. Two such modes are described with respect to
Figs. 4 and 5 below, which show a scanning mode and an evaluation mode respectively.

[0050] Fig. 4 depicts a view of a user interface for an image capture system during
an acquisition of three-dimensional data. The user interface 400 may include a window 402
including range-finding visual cues 404, 406, all as generally described above. Within the
window 402, a video image may be displayed, such as a video image from a current point of
view of a scanner, such as the scanner 102 described above. As depicted, the video image
may include a plurality of teeth 410 and other intraoral structures visible during an intraoral
scan. It will be noted that three-dimensional points acquired from the surface, that is, the
current digital surface representation, may be rendered within the user interface 400, and
more particularly, may be rendered from the point of view of the scanner and superimposed
on the current video image. Although not depicted, it will be understood that in other
embodiments, the current digital surface representation may be rendered from a fixed point of
View.

[0051] In addition to permitting visual enhancements such as contour shading and
feature emphasis, the rendering may provide specific feedback to a user concerning the
current scan. For example, regions too close for capture of scan data may include previously
acquired points, which may be rendered in the window 402 with a style or color that indicates
their relative proximity to the scanner. Conversely, regions of the intraoral structures too far
for capture may also, or instead, include previously acquired points, which may be rendered
in the window 402 with a style or a color that indicates their relative distance from the
scanner. As new surface data is acquired and added to the digital surface representation, the
new point data may concurrently, or in real time or near real time, be added to the rendered
view of the digital surface representation. In this manner, a user may receive immediate visual

feedback, such as the density of rendered points or relative fineness/coarseness of a polygonal
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mesh, with respect to whether data is being successful acquired from surfaces visible within
the window 402. This information may indicate gaps in surface data so that a user can back
up and rescan surfaces of the subject for which data has not been captured, or for which
inadequate or defective data has been captured. This feedback may in part flow directly from
the process of rendering an increasing number of points within the window as new surface
data is acquired. The visual feedback may also, or instead, be supplemented by rendering
points with a density in the window 402 specifically selected to communicate to a user
whether adequate data has been acquired from within the current view. While specific
feedback examples are noted above, it will be understood that more generally, numerous and
various uses of brightness, texture, shading, color, and/or rendered point cloud density, or the
like may be employed to provide visual feedback to a user concerning scan quality, detail, and
the like.

[0052] The visual metaphor may be one of spray painting the video image with a
shaded surface map as points are acquired. The point cloud of the digital surface
representation (or other representation) may be rendered as a growing constellation of points
that forms over the video subject matter as data is acquired. Regions for which a target point
density has been achieved may, for example appear as continuous surfaces, while regions
with inadequate surface data may be rendered as discrete points having visible gaps
therebetween, which gaps may be varied in size according to, for example, the density of
point data in the underlying digital surface representation. As another example, points may be
rendered as uniformly spaced surface points, which may be color coded according to density
of point data in the underlying digital surface representation.

[0053] In certain embodiments, the acquired digital model may be compared to a
statistical, spatial, or other model of expected shapes relevant to dentistry (or other objects,
for non-dental applications), using know machine vision and other techniques. This may
include relatively subtle variations such as unexpected tooth contours, thicknesses, or the like,
as well as gross deviations that are likely a result of user or equipment malfunction or loss of
scan data. Where deviations from expectations are detected, these may be visually identified
within the window 402 through use of color, shading, and other cues and annotations
described generally above. Thus, algorithmically unexpected scan results may be immediately
flagged during a scan for any suitable human intervention (which may, of course, be none
where the unexpected feature is known by the operator to actually be present).

[0054] Having discussed various aspects of a three-dimensional scanning system,
the description now turns to use of space carving to improve processing and display of three-
dimensional data.

[0055]  Fig. 5 illustrates a spatial matrix for use in space carving. In general, the

spatial matrix 500 may include a number of cells 502, each storing information related to a
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voxel in a scan volume. In one aspect, each cell 502 may store a binary flag that indicates
whether the corresponding voxel is permitted or forbidden for processing. This approach
advantageously provides a compact memory representation of carved space, however it will
be readily appreciated that other representations of this information may also or instead be
employed, and that additional information may be included in the spatial matrix such as any
information that might be usefully stored on a voxel-by-voxel basis for the volume in which
an object is being scanned. It will also be appreciated that, while the spatial matrix 500 is
depicted as a three-dimensional structure that maps to the volume of a scan space, no such
physical structure is required.

[0056] The spatial matrix 500 may include any memory or combination of
memories capable of storing and retrieving information according to voxels within the scan
space, and all such variations that would be apparent to one of ordinary skill in the art are
intended to fall within the scope of this invention. The spatial matrix 500 may define a mesh
of voxels that together form the scan volume or scan space in which data is processed as
generally described below. In this respect, it will be readily appreciated that while the spatial
matrix 500 depicted in Fig. 5 corresponds to a cubic volume, any shape or size of volume may
be suitably employed according to the shape and/or size of an object that is being scanned, a
processing mesh used for three-dimensional reconstruction, or any other factors. Thus in one
aspect, the mesh of the scan space is subdivided into voxels having a substantially cubic
shape. The substantially cubic shape may measure about 250 microns on each edge (that is, a
250 x 250 x 250 micron cube for each voxel) or any other suitable size according to desired
resolution, processing capabilities, and so forth. In one aspect, the spatial matrix 500 may
include a binary flag for each one of the plurality of voxels that indicates whether processing
is permitted (for example, unmodified) or forbidden (for example, modified) for a volume of
the scan space.

[0057]  Fig. 6 illustrates a ray trace used to identify unoccupied space. During a
scan such as any of the scans described above, a scanner 602 such as any of the scanners
described above may be passed over an object 604 within a scan space 606 to acquire three-
dimensional data. While depicted two-dimensionally, it will be understood that the scan space
606 would generally be a three-dimensional volume. Given a position of the scanner 602 and
the object 604, one or more rays — straight lines passing through the scan space 606 — may be
determined such as a first ray 608 that intersects a surface of the object 604 and a second ray
610 that does not intersect a surface of the object 604. With the scan space 606 divided into a
volumetric mesh according to the spatial matrix described above, all of the voxels that each
ray 608, 610 passes through can be determined, and more particularly, each unoccupied one
of the voxels in the mesh can be identified. Each unoccupied one of the voxels may be

flagged in the spatial matrix as prohibited using, for example, a binary flag or any other
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suitable identifier. In this manner, voxels that are known to be unoccupied at some time
during the scan can be marked for modified processing and differentially processed during a
scan, all as generally contemplated below.

[0058] It will be appreciated that numerous variations are possible. For example, a
margin around the surface of the object may be provided in which voxels cannot be flagged
for differential processing. This may be based on distance from the surface, or on a number of
surrounding voxels that are marked for differential processing, or on the actual number of
points of three-dimensional data acquired within a voxel of the mesh, and so forth, as well as
combinations of the foregoing. In another aspect, a threshold may be provided for a minimum
number of rays passing through a voxel before it can be marked for modified processing.
Space carving is generally known in the art as a technique for identifying unoccupied volume,
and any corresponding techniques or tools may be adapted to identify ‘prohibited’ voxels as
contemplated herein. For example, commercially available software tools such as Voxel
Space (Novalogic) and/or 3D-DDA support ray tracing through voxel spaces and may be used
with space carving as described herein. As such, algorithms and software tools for space
carving are not discussed here in detail, with emphasis being on use of space carving
techniques to support differential processing of three-dimensional data.

[0059] Fig. 7 is a flow chart of a process for displaying data based on a spatial
matrix. As generally described below, a spatial matrix such as the matrix described above
with reference to Fig. 5 may be used to store information about what type of processing is
permitted or forbidden for data within voxels of the scan space. While the “forbidden’ voxels
may be generally understood as voxels that are unoccupied, it will be appreciated that this is
not universally true and that voxels in which points are detected may be forbidden (such as
where a surface temporarily moves into a scan space) and voxels that are empty may be
permitted (such as where a voxel is immediately adjacent to an occupied voxel. Thus while
terms such as occupied or unoccupied are used in this description, these terms should not be
understood as a direct proxy for whether data points are or can be obtained from a voxel, or
whether a voxel is permitted (that is, receiving unmodified processing) or forbidden (that is,
receiving modified processing).

[0060]  As shown in step 702, the process 700 may begin with storing a spatial
matrix in a memory, such as the spatial matrix described above that includes information for a
plurality of voxels in a mesh of a scan space.

[0061]  As shown in step 704, three-dimensional data may be obtained from an
object within a scan space using, for example, any of the scanners described above.

[0062]  As shown in step 706, the process 700 may include identifying at least one
of the plurality of voxels in the scan space that is unoccupied. This may be accomplished, for

example, using any suitable ray tracing software or algorithm. A variety of commercially
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available software tools (for example 3D-DDA) and general algorithms (for example,
Bresenham’s line algorithm) are known in the art for traversing voxels in a space and
identifying what voxels contain a ray, any of which may be usefully adapted to identifying
unoccupied voxels in a scan space as contemplated herein. In a ray tracing embodiment,
unoccupied space may, for example, include voxels behind or beyond a known surface of an
object, or voxels between a scanner and the surface, as well as combinations of these. In
another aspect, other information may also or instead be used to determine whether a voxel
should be forbidden or permitted. For example, for a voxel to be forbidden, the process 700
may provide a threshold for a minimum number of adjacent voxels that are already identified
as forbidden. In another aspect, the number of rays passing through a voxel may be counted
and used, for example, as a minimum threshold for identifying a voxel as forbidden. For
occluded surfaces of the scanned object, the process 700 may provide an offset or step away
from the border of the occlusion in a field of view. More generally, any suitable techniques
for characterizing a voxel as containing or not containing the surface of interest may be
suitably employed to identify prohibited space as contemplated herein.

[0063] In one aspect, voxels in a spatial margin of one or more voxels adjacent to a
surface of an object being scanned may be prevented from being flagged as prohibited. That
is, in order to ensure accuracy of the model, immediately adjacent data may be included
regardless of whether an associated voxel is believed to be unoccupied. The spatial margin
may, for example, be a single layer of voxels, or a number or depth of voxels as determined,
for example, with reference to a standard deviation of z-axis measurements of a scanner. Thus
for example, a voxel may be treated as ‘permitted’ regardless of whether it is occupied by
three-dimensional data points if the voxel is within a distance from the surface of a scan
subject that is less than one standard deviation, two standard deviations, or some other
multiple of the standard deviation of z-axis measurements of the scanner. By controlling this
metric, a scanning process may include more or less marginal data that is adjacent to but not
on an inferred surface of the object.

[0064] As shown in step 708, the process 700 may include storing an indication for
modified processing of the one of the plurality of voxels in the spatial matrix 710. After
completing this step for one or more of the plurality of voxels, the spatial matrix identifies a
prohibited volume that includes one or more voxels within the scan space. It will be
understood that identifying the prohibited volume may be a cumulative process that is
repeated as each new frame of three-dimensional data is repeated for a scan such as the
sequential scans described above. Thus for example, each frame of data may provide different
information on surfaces of the object that are occluded, that have changed, or that have
disappeared, and this information may be generally used to update the spatial matrix in any

suitable way. In general, it is contemplated that every voxel of the matrix is a permitted voxel
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until a reliable inference can be made that the voxel should be prohibited. However, this is not
strictly required, and variations to this initial condition may be made without departing from
the scope of this disclosure.

[0065] As noted above, a voxel in the prohibited volume — that is, a voxel that
receives modified processing — is not necessarily a voxel that is unoccupied. For example, if a
new frame of data provides a first instance of a point, surface, or object that is not in a voxel
in previous frames of data, then the voxel is occupied even though nominally ‘prohibited’.
Conversely, an unoccupied voxel may be nominally “permitted,” such as a margin of voxels
around a surface of an object, or a voxel for which sufficient data has not yet been acquired to
conclude that the voxel should receive modified processing (that is, that the voxel is
‘prohibited’). The prohibited volume may generally include more than one of the voxels in
the mesh or spatial matrix.

[0066] The process 700 may then return to step 704 where additional three-
dimensional data is obtained.

[0067] Concurrently with or subsequent to the identification of a prohibited
volume, the process 700 may engage in a three-dimensional scanning process to obtain a
three-dimensional surface representation or other digital model of a scan subject.

[0068] As shown in step 712, the process 700 may include obtaining three-
dimensional data. This may be the same data acquired in step 704, or different data, or some
combination of these.

[0069] Asshown in step 714, one or more corresponding voxels may be identified
in the spatial matrix 710. In this step, the location may be used to retrieve a processing
indicator such as a “permitted’ or “forbidden’ flag for voxels from the spatial matrix 710. This
information may in turn be used to apply differential processing as described below.

[0070] As shown in step 716, the process 700 may include processing a portion of
the three-dimensional data that is not in the prohibited volume — or alternatively stated, three-
dimensional data that is in the permitted volume of the scan space -- according to an
unmodified or normal processing. This may include any processing associated with the
acquisition of three-dimensional data such as derivation of a camera path for a scanner,
feature-based or other derivation of individual three-dimensional data points from frames of
video or image data, registration of three-dimensional surfaces and so forth. In general, it is
contemplated that any three-dimensional process that does not use space carving or the like
may be performed in an “‘unmodified’ processing step as that term is used herein, including
without limitation acquisition, display, and refinement (for example, optimization, error
minimization, etc,) of a three-dimensional surface representation based on, for example, a

sequence of frames of image data or the like from a three-dimensional scanner.
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[0071] As shown in step 718, the process 700 may include processing a portion of
the three-dimensional data that is in the prohibited volume according to the modified
processing. Modified processing may include any processing suitable for data in the
‘prohibited’ volume.

[0072] Modified processing may, for example, include selective use of three-
dimensional data points in a three-dimensional reconstruction according to whether they are
in prohibited or permitted volumes of the scan space. For example, a reconstruction process
may treat data within the prohibited volume as outliers that are excluded from processing. Or
data in the prohibited volume may be de-weighted or otherwise de-emphasized in the
reconstruction process. This data exclusion or de-weighting may be performed in a real time
reconstruction process while three-dimensional data is being displayed, or in a post-
processing refinement step, or some combination of these. Thus in one aspect, modified
processing includes omitting any points in the prohibited volume from a high-accuracy
refinement of the three-dimensional data.

[0073] In another aspect, modified processing may include controlling how data in
the prohibited volume is displayed. For example, data within the prohibited volume may be
excluded from display, or may be displayed temporarily using a brief decay time such as 0.5
seconds or any other short interval.

[0074] In another aspect, modified processing may include controlling how data in
the prohibited volume is used in a surface mesh of the three-dimensional data. For example,
points in the prohibited volume may be excluded from a surface mesh of the scanned object
created from the three-dimensional (point) data using a marching cubes grid or other surface
mesh algorithm. In another aspect, where a processing grid for the surface mesh is identical
(or substantially identical) to the mesh of the spatial matrix, voxels from the prohibited
volume may be excluded entirely from the surface mesh. Surface mesh generation is a known
technique for representing a three-dimensional shape as a collection of vertices, edges and
faces that form polygons (for example, triangles, quadrilaterals). In one aspect, the processing
mesh for generating such a surface from the three-dimensional data may be co-extensive and
equally dimensioned with the mesh used for the spatial matrix, although this is not strictly
required. Thus in one aspect the mesh of the scan space used for the spatial matrix may divide
the scan space into a spatial grid that is substantially identical to a second spatial grid used to
create a surface mesh from the three-dimensional data. In another aspect, the meshes may
provide different processing resolutions and/or be unaligned spatially.

[0075]  After modified and/or unmodified processing has been performed on three-
dimensional data, the process 700 may return to step 712 where additional three-dimensional
data is acquired. This process 700 may continue until a scan is manually or automatically

stopped, or otherwise terminated.
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[0076]  As such there is generally disclosed herein methods and systems for
differential processing of data in a three-dimensional data acquisition process according to
where the data occurs in a scan space. It will be appreciated that, while the process 700 of Fig.
7 is representative, numerous variations may be made without departing from the scope of the
invention. For example space carving and data processing (for example, of steps 716, 718)
may be performed independently, or within a single repeating sequential process, or some
combination of these. In addition, identifying the prohibited volume, or portions thereof, may
be performed before, during, or after the data processing of steps 716 and 718, or some
combination of these. Still more generally, any order and combination of steps that might be
recognized as useful for identifying forbidden/permitted voxels in a scan space on one hand,
and acquiring data for a three-dimensional reconstruction on the other, may be adapted to use
with the methods and systems described herein without departing from the scope of this
disclosure.

[0077] It will be appreciated that the processes and methods disclosed above may
be realized in hardware, software, or any combination of these suitable for the three-
dimensional imaging and modeling techniques described herein. It will also be appreciated
that the user interfaces, user interface controls, and methods of using same, as well as the
visualizations, digital model processing and analysis, and rendering as described herein may
similarly be expressed as methods or processes embodied in hardware, software, and various
combinations thereof. Thus in one aspect there is disclosed herein a computer program
product comprising computer executable code stored in a transitory or non-transitory medium
that, when executing on one or more computers, performs any one or more of the steps
described above.

[0078] This also includes realization in one or more microprocessors,
microcontrollers, embedded microcontrollers, programmable digital signal processors or other
programmable devices, along with internal and/or external memory. The hardware may also,
or instead, include one or more application specific integrated circuits, programmable gate
arrays, programmable array logic components, or any other device or devices that may be
configured to process electronic signals. It will further be appreciated that a realization may
include computer executable code created using a structured programming language such as
C, an object oriented programming language such as C++, or any other high-level or low-
level programming language (including assembly languages, hardware description languages,
and database programming languages and technologies) that may be stored, compiled or
interpreted to run on one of the above devices, as well as heterogeneous combinations of
processors, processor architectures, or combinations of different hardware and software. At
the same time, processing may be distributed across devices such as a camera and/or

computer in a number of ways or all of the functionality may be integrated into a dedicated,
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standalone image capture device. All such permutations and combinations are intended to fall
within the scope of the present disclosure.

[0079] It will also be appreciated that means for performing the steps associated
with the processes described above may include any suitable components of the image
capture system 100 described above with reference to Fig. 1, along with any software and/or
hardware suitable for controlling operation of same. The user interfaces described herein may,
for example, be rendered within the display 110 of the image capture system 100 of Fig. 1.
All such realizations and means for performing the processes disclosed herein are intended to
fall within the scope of this disclosure.

[0080] While the invention has been disclosed in connection with certain preferred
embodiments, other embodiments will be recognized by those of ordinary skill in the art, and
all such variations, modifications, and substitutions are intended to fall within the scope of
this disclosure. Thus, the invention is to be understood with reference to the following claims,

which are to be interpreted in the broadest sense allowable by law.
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