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UNITED STA TES p A TENT AND TRADEMARK OFFICE 

APPLICATION NO. ISSUE DATE 

14/000,442 11/17/2015 

32692 7590 10/28/2015 

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

PATENT NO. 

9191648 

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

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

ATTORNEY DOCKET NO. CONFIRMATION NO. 

67245US004 8005 

ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

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

The Patent Term Adjustment is 323 day(s). Any patent to issue from the above-identified application will 
include an indication of the adjustment on the front page. 

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

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

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

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

Ilya A. Kriveshko, Littleton, MA; 
Benjamin Frantzdale, Shrewsbury, MA; 

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

IR103 (Rev. 10/09) -3-



PA.RT n -FEE(Sl TRANSMl'fTAL 

Complete and ~end this form, tog(~thcr 'with appikabic fee(s), to: ]\'fail !\-fail Stop ISSUE FEE 
Commissioner for Patents 
P.O. nox 1450 

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

lN"S'TRl.'CTfONS: Thi, form $hould he mstd f-.,r trnnsmittrng the ISSUE H-:'.E and t'l'BUCATlON FEE (;f n,quired). Bk.::ks l through 5 ,houl<l be i:ompkicd where 
aporoprime, l'\H flu'thtr correspondence 1nchidh3g the Pati:'.'nt. advanc.e: f.)rders arid n~Jtific::1tion of maiut~s-_s;uH.:c foe:: ,viH b(: rni1Hr:.i.i to the c~Jnt~11t Ct¥'rt·:n:i1HH:h.:'.nlt addri:ss 3.s 
~ndk;1ttd tln~~s~ corr.t1:ted bd1,)\1o· (H' directed Ql .. .hen, .. lsc i11 f.Hock 11 by (a~ s.p\.x.:it\•ini~ a nev .. : tr~rret;.nonderK~ add.ii."S~.: an.d/ot (b} indicating :...:i: ~~~parate 11 t-'E-E /°\DDRESS·1

• for 
rn;~inten;1nci:~ fee notifh:,1thJn.s. · · · ,.. ~ 

3fv1 INNOVATIVE PROPERTIES CO!vIPANY 
PO BOX 33427 
ST. PAUL, 11N 55133•-3427 

()~/20/2{) I 3 

TITLE Of E•NENTlON: HYBRlD STITCHING 

l)NDISCOFNTED 

\VONG, ALLEN C 

$960 

2488 

.t. Chang.c! t>f t):Jft::.~pfmdt'=nl~t'' a.ddr~ss or in.di.ca.Hon of '"Ft'e .Addres;:t·' (37 
CFR U6J), 

q Cha:mi~: of (:on-t>spondenee addrts-3 (or Ch~n~~e of (\'rrrtsp,.)nt.k~n<..~t' 
Addref.-s. Trinn PTt)/SH! 1 ·12 J anache.d. . ·~ 

Q 1'F~.c Addre:;s') lndicatinn (or 1'Fee Addrt:sit Indication form 
PTO!SB/47; R~" (fl-02 <)f more n,n,nt) auadt1:·d" U,~ r,fa Customer 
Nmn!wt is required. · 

Nole: A certificate of mailing ,·;w oniy t-.,, !l:iNl fur dt.,m«:i!ic mailrngo of the 
F<'d~) TrnmmiltaL Thi, c~nitlcMt cannot be used for ,uiy ,Aller a<:1:ompauying 
paper_f,. E:.H.>h ;;tdd,i!~onal rare~~~ .~w,:h a5 . . ar.t '-'-~si,g:nrr:u::-nt i..w fornud {1:c;.n, .. j ,.~g, mu~t 
h;rvc HF. f;i.\Vfl '-'f:flthc.cch~ f.1-t Inmhng Of trart"lnH:is-1.on. 

<.'1:rtitkate !if "\-1.aiUng or Trrmsmis,i<m 
!_ h,,rcby certify that thi, h,c'(_s) Trnnsmitul i~ he~ng <lepc.Y;ittd" wi!h the tini!•iti 
Stat<'~ PMtal :Scrv,te w,th ·,ulhcicnl p.Jfi~g<:> for hr,l d:i;;s m~i! ,nan ,n1vdop<· 
a"d<lres,,,,d tl, ilie ;\fail Stop !SSUE FEE addre,~ afxivt\ m be11ig fae,irni!e 
tr;mrn1rt!~<l t,, lh<' T)SPTO (57 J) 273--1885, on the dat<' indi<:.~i~d below. 

lly.:1 A. Krive':.hk{l fi72451.'S004 8005 

SD Sll 

CLASS-S.UBCLASS 

J4R-D:50000 

Z. F~)r primi.n.g on H1~: p~i~-ni rl··(rnt page~ list 

( l} The names of up lo :1 registered pawm sH,x11,:y, 
or iigt"!H\ OR. ~lltf.!nJ~lively, 

(2} The namt' of" ,ingk firm (having ns a member a 
registered atwmcy or ageii() ;rnd ihe-mw1es (Jf up to 
2 r;,f;i,tcr;,d pa1ent al(nfJJt'"v, ,1, ageJJlS" If lJ<) um-nc i;; 
!iste',t no ;i;mi~ wili be pri1Jtc<.! 

LU\0/2015 

3················---------------------···- ······················--

3, ASSlG!',;1_:E NA"M.E Ai"JD RBSlDENCE DATA TO BE PRINTED ON THE PATENT (print or typ,)) 

PLFASb N(YfE; U.rdt1:~,s an .;~~,si~n(:l~ ts id~ntifi'=itJ bdO\'ii, no [t~i._:5:gi~tt· d,tta '\vHl Hppetn· 1.)n ltH."' r.1-.1h:nt. lf nr. a.;;$ign~t .. £7) id.f~1nif.ted l~lu\V\ the <..kx:urnent h'-t~; lx>:t~n fik"Xi fc~;­
re,::r,rdalion as ·,N forth in Tl CFR ""L J J. Comp!dkm of ,hi, form j s NOT a substitute fr,, filing an a1signm~111" 

iA) NAi\-lE OF ASSlG1's1:1': 

3M INNOVAT1VE PROPERTIES COMPl,NY 

4;,. 'Tht following. fe,~(s ., are ,wbm.iHed: 

23 fa,ue F~e 

0 f'wt:i:lkutiou {-\::,c {NQ '.'4maH t'fHitV &t:C<.)t:n! perrnim~d} 

0 ArlvJn;:,: Ord<:, • # of Copk, _ . ...: ............... " ........ . 

5. Chang,! "in Entity St.atus (from statu::;. indic.1tt:~d :tbuv~ ~ 
0 App!ica1)1 certH'ying micro entity ,taw,,. Ser 37 CFR L29 

Amhcu.,d ,:,""'"" ):Jb((t(.# . 
Typed o, printed ,;a,,w ",'.:'.':':';0: ____ I,_,_ ,. _ e ,. "'ke 

(IsJ RESIDENCE: (ClTY and STATE OR COt'NTR YJ 

4b. P;1ymeni <)f !'ee(s}: (Pfoa~e first re.~r,plJ :m,· p1'<!,·iously paid lssll.t' ft't' show11 ubov<') 

0 A check is n,dnsed" , . , 
U
. . any add1 t1ona_,_ 

Payrm:nt by ,:rt,dit rnrd" !:\,rm FfO- 2038 L, all,ltht>d, / 

fill.Tri<c rJin,,·t,,r i;. herehy ,>uthod,:N! 1,,_di:~rge ,l{;,'\!~~JJee(s\ any ddkiency, or nl,~liis any 
,werp.iymem, 1(> Dcp<:>$1( Accmmt N!!mtx'r __ ._,,.~L~).L,Lt .... ~'1):1:JarolX~Nfrmjy.fuM». 

NOTE:. Absent a vaiid ee,iificatlon of lvlkw Eniity Status (se~ forms PTO/SBll 5A and J SH), i,~t:e 
foe p;;-'l.yrncnt in the n1itro i.::'iHity ~rnowH "-"?iH mn bt· a{-:(·cpkd ai the dsk nf ~pphl;ation ab~1nd:)ntni:nL 

NL,'>.IE; lf tr!(: app! ka(km ""~~ prc_,vim;sly ,m,:kr micm_ emhy sl:<tus, ch~ddng !hi;, ho:, wH! lw tRk,·n 
~,lo\ltKal1<Jn ot lo-,s ot en!1tlemeni to nucro entity ~t;;tu,. 

NOTE; Ch~tkltig llli~ bo:~ will lx' t.tk:,n (n b,, ;l nol iJkati,)n uf loss ,,r cntilkm~m \C> snwU N micro 
em.ii~{ $;(;;\(US i• a;; ftppfiCithh~,. 
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Electronic Patent Application Fee Transmittal 

Application Number: 14000442 

Filing Date: 20-Aug-2013 

Title of Invention: HYBRID STITCHING 

First Named Inventor/Applicant Name: llya A. Kriveshko 

Filer: Lance L. Vietzke/Paula Bick 

Attorney Docket Number: 67245US004 

Filed as Large Entity 

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

Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Basic Filing: 

Pages: 

Claims: 

Miscellaneous-Filing: 

Petition: 

Patent-Appeals-and-Interference: 

Post-Allowance-and-Post-Issuance: 

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

USO($) 

Extension-of-Time: 

Miscellaneous: 

Total in USD ($) 960 
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Electronic Acknowledgement Receipt 

EFSID: 23780434 

Application Number: 14000442 

International Application Number: 

Confirmation Number: 8005 

Title of Invention: HYBRID STITCHING 

First Named Inventor/Applicant Name: llya A. Kriveshko 

Customer Number: 32692 

Filer: Lance L. Vietzke/Paula Bick 

Filer Authorized By: Lance L. Vietzke 

Attorney Docket Number: 67245US004 

Receipt Date: 14-OCT-2015 

Filing Date: 20-AUG-2013 

Time Stamp: 13:59:34 

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

Payment information: 

Submitted with Payment yes 

Payment Type Deposit Account 

Payment was successfully received in RAM $960 

RAM confirmation Number 108 

Deposit Account 133723 

Authorized User 3M COMPANY 

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

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

Charge any Additional Fees required under 37 C.F.R. Section 1.17 (Patent application and reexamination processing fees) -7-



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

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

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

File Listing: 

Document 
Document Description File Name 

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

412376 

1 Issue Fee Payment (PTO-85B) 
lssue_Fee_ Trans_67245US004. 

pdf 
no 1 

1 d5d58f5fc3687 e9a454b 1 f4d6d2fc9e0ec4 
351a 

Warnings: 

Information: 

30620 

2 Fee Worksheet (SB06) fee-info.pdf no 2 
998ff46c83e2b30f1 316391 bd3b6b84e5fd 1 

96eb 

Warnings: 

Information: 

Total Files Size (in bytes) 442996 

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

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

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

New International A~~lication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 

-8-



UNITED STA IBS p A IBNT AND TRADEMARK OFFICE 
UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

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

NOTICE OF ALLOWANCE AND FEE(S) DUE 

32692 7590 09/10/2015 

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

APPLICATION NO. FILING DATE 

14/000,442 08/20/2013 

TITLE OF INVENTION: HYBRID STITCHING 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE 

nonprovisional UNDISCOUNTED $960 

EXAMINER 

WONG, ALLEN C 

ART UNIT PAPER NUMBER 

2488 

DATE MAILED: 09/10/2015 

FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

Ilya A. Kriveshko 67245US004 8005 

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

$0 $0 $960 12/10/2015 

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

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

HOW TO REPLY TO THIS NOTICE: 

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

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

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

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

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

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

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

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

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

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

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

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

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

32692 7590 09/10/2015 

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

APPLICATION NO. FILING DATE 

14/000,442 08/20/2013 

TITLE OF INVENTION: HYBRID STITCHING 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE 

nonprovisional UNDISCOUNTED $960 

EXAMINER ART UNIT 

WONG, ALLEN C 2488 

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

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

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

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. 

FIRST NAMED INVENTOR ATTORNEY DOCKET NO. 

Ilya A. Kriveshko 67245US004 

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

$0 $0 

CLASS-SUBCLASS 

348-050000 

2. For printing on the patent front page, list 

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

$960 

(Depositor's name) 

(Signature) 

(Date) 

CONFIRMATION NO. 

8005 

DATE DUE 

12/10/2015 

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

2 ______________ _ 

3 ______________ _ 

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

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

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

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

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

0 Issue Fee 

0 Publication Fee (No small entity discount permitted) 

0 Advance Order - # of Copies _________ _ 

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

0 Applicant certifying micro entity status. See 37 CFR 1.29 

0 Applicant asserting small entity status. See 37 CFR 1.27 

0 Applicant changing to regular undiscounted fee status. 

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

0 A check is enclosed. 

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

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

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

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

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

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

Authorized Signature _______________________ _ 

Typed or printed name ______________________ _ 

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

Page 2 of3 

0MB 0651-0033 

Date ____________________ _ 

Registration No. ________________ _ 

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

APPLICATION NO. FILING DATE 

14/000,442 08/20/2013 

32692 7590 09/10/2015 

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

FIRST NAMED INVENTOR 

Ilya A. Kriveshko 

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

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

ATTORNEY DOCKET NO. CONFIRMATION NO. 

67245US004 8005 

EXAMINER 

WONG, ALLEN C 

ART UNIT PAPER NUMBER 

2488 

DATE MAILED: 09/10/2015 

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

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

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

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of 
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be 
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571 )-272-4200. 
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0MB Clearance and PRA Burden Statement for PTOL-85 Part B 

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

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

Privacy Act Statement 

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your 
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 aware of a violation or potential violation of law or regulation. -12-
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Notice of Allowability Examiner 
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Art Unit 
2488 

AIA (First Inventor to 
File) Status 

No 

-- The MAILING DA TE 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. D This communication is responsive to __ . 

DA declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on ___ . 

2. D An election was made by the applicant in response to a restriction requirement set forth during the interview on __ ; the restriction 
requirement and election have been incorporated into this action. 

3. [8] The allowed claim(s) is/are 1-24. As a result of the allowed claim(s), you may be eligible to benefit from the Patent Prosecution 
Highway program at a participating intellectual property office for the corresponding application. For more information, please see 
~;ttp://V'vww.uspto.gov/patents/init events/pph/index.iS(Q or send an inquiry to PPHfeedback@uspto.aov. 

4. D Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

Certified copies: 

a) D All b) D Some *c) D None of the: 

1. D Certified copies of the priority documents have been received. 

2. D Certified copies of the priority documents have been received in Application No. __ . 

3. D Copies of the certified copies of the priority documents have been received in this national stage application from the 

International Bureau (PCT Rule 17.2(a)). 

* Certified copies not received: __ . 

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements 
noted below. Failure to timely comply will result in ABANDONMENT of this application. 
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE. 

5. D CORRECTED DRAWINGS ( as "replacement sheets") must be submitted. 

D including changes required by the attached Examiner's Amendment/ Comment or in the Office action of 
Paper No./Mail Date __ . 

Identifying indicia such as the application number {see 37 CFR 1.84{c)) should be written on the drawings in the front {not the back) of 
each sheet. Replacement sheet{s) should be labeled as such in the header according to 37 CFR 1.121 {d). 

6. □ DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the 
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL. 

Attachment(s) 
1. [8] Notice of References Cited (PTO-892) 

2. [8] Information Disclosure Statements (PTO/SB/08), 
Paper No./Mail Date __ 

3. D Examiner's Comment Regarding Requirement for Deposit 
of Biological Material 

4. D Interview Summary (PTO-413), 
Paper No./Mail Date __ . 

/ALLEN WONG/ 
Primary Examiner, Art Unit 2488 

U.S. Patent and Trademark Office 

5. D Examiner's Amendment/Comment 

6. [8] Examiner's Statement of Reasons for Allowance 

7. D Other __ . 

PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date 20150901 

-13-



Application/Control Number: 14/000,442 

Art Unit: 2488 

DETAILED ACTION 

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

Information Disclosure Statement 

Page 2 

The information disclosure statement (IDS) submitted on 3/14/14 and 4/15/15 is in compliance 

with the provisions of 37 CFR 1.97. Accordingly, the information disclosure statement has been 

considered by the examiner. 

Allowable Subject Matter 

Claims 1-24 are allowed. 

The following is an examiner's statement of reasons for allowance: the instant invention pertains 

to generation of three-dimensional surface imaging. 

Hausler (US 2010/0303341) discloses a method comprising: obtaining a first three-dimensional 

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

first camera path (paragraph 74 and 95, claim 2, note first and second set of 3D data is obtained); 

obtaining a second three-dimensional model including a second plurality of sets of three-dimensional 

points spatially related to one another by a second camera path (paragraph 74 and 95, claim 2, note first 

and second set of 3D data is obtained); registering one of the first plurality of sets of three-dimensional 

points to one of the second plurality of sets of three-dimensional points to place the first three­

dimensional model and the second three-dimensional model in a shared coordinate system (paragraph 

96). 

Lopes (US 2010/0194863) discloses a method comprising: obtaining a first three-dimensional 

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

first camera path (paragraph 104, note virtual 3D modeling is obtained of the scene, wherein a camera 

viewpoint can be obtained to obtain a first set of 3D data); obtaining a second three-dimensional model 

including a second plurality of sets of three-dimensional points spatially related to one another by a 

second camera path (paragraph 104, note virtual 3D modeling is obtained, and multiple camera 

viewpoints are obtained in including first and second sets of 3D data); registering one of the first plurality 

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

system (paragraph 5). 

The prior art, either singularly or in combination, does not disclose the limitations "to create a 

virtual stitch graph that spatially relates the first plurality of sets and the second plurality of sets, thereby 

providing a combined model that includes the first plurality of sets and the second plurality of sets all 

spatially related by the virtual stitch graph", "to refine the combined model with a global motion 

optimization of the virtual stitch graph" and "a display configured to render the combined model". Thus, 

the prior art does not disclose the aforementioned limitations used in combination with all of the other 

limitations of claim 23. Claims 1, 12 and 24 are patentable for at least similar reasons as claim 23. 

Any comments considered necessary by applicant must be submitted no later than the payment 

of the issue fee and, to avoid processing delays, should preferably accompany the issue fee. Such 

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

Contact Information 

Any inquiry concerning this communication or earlier communications from the examiner should 

be directed to ALLEN WONG whose telephone number is (571 )272-7341. The examiner can normally be 

reached on Flex Monday to Thursday 8am-6pm. 

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

SATH PERUNGAVOOR can be reached on (571) 272-7455. The fax phone number for the organization 

where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the Patent Application 

Information Retrieval (PAIR) system. Status information for published applications may be obtained from 

either Private PAIR or Public PAIR. Status information for unpublished applications is available through 

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

you have questions on access to the Private PAIR system, contact the Electronic Business Center (EBC) 

at 866-217-9197 (toll-free). If you would like assistance from a USPTO Customer Service Representative 
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or access to the automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-

1000. 

/ALLEN WONG/ 
Primary Examiner, Art Unit 2488 
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i i i i JPO· DERWENT i i i i 

! """"" I _______________ I ________________________________________________________________________ I _ I_ BM~ TDB """""'", __________ : """""""""""'":""""""""'"I """"""""""""": 
r20 IOI hybrid near4 stitch same (3D or I U&PGPUB; USPAT; :DR lOFF 12015/09/011 
I I I three-dimension$3 or 3-D) I USOCR; FPRS; EPO; : : j 12:51 : 
i i i i JPO· DERWENT i i i i I I I I I BM, TDB , : : I : 
r1 IOI hybrid near4 stitch and (3D or I U&ffiPUB; USPAT; iDR i[OFF I 2015/09/0f 
I I I three-dimension$3 or 3-D) I USOCR; FPRS; EPO; : : j 12:52 : 
i i i i JPO· DERWENT i i i i 
I I I I I BM~ TDB , : : I : r2 lor 3 and S1 i U&FGPUB; USPAT; 'DR '[OFF i 2015/09/01' I I I I USOCR· FPRS· EPO· i i l 12-52 i 
I I I I JPO· DERWENT , : : I . : 
\ \ \ \ ' ' : : ~ : 

I J ................ 1.l .. 1.BM~T□B ....................... 1 ........................ 1 ................... 1 .......................... 1 r3 IDr 3 and g, I U&FGPUB; USPAT; 'DR '[OFF I 2015/09/01 i I I I I USOCR; FPRS; EPO; i i j 12:52 i 
i i i i JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 

i .......... 1 ................ 1 ......................................................................... 1 .. 1.BM~T□B ........................ 1 ......................... 1............. j .......................... 1 r 'Dr 3 and S3 i U&FGPUB; USPAT; 'DR 'IOFF i 2015/09/01 i I I I I USOCR; FPRS; EPO; i i l 12:52 i 
i I I I JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 

i .... j ....... j. . ............................................................... j 1.BM~T□B ......................... 1 ......................... 1 ................... i .......................... 1 r 'Dr 3 and S4 i U&FGPUB; USPAT; 'DR lOFF i 2015/09/01 i I I I I USOCR; FPRS; EPO; i i l 12:52 i 
i I I I JPO· DERWENT i i i i 
I I I I I BM~ TDB , : : I : ............•................• -.......................................................................... ........................................... -........................• ··············• ........................ -
r'Dr3andS6 iU&FGPUB;USPAT; 'DR '[OFF 12015/09/01' I I I I USOCR· FPRS· EPO· i i i 12-52 i 
I I I I JPO· DERWENT , : : I . : 
I I I I I BM, TDB , : : I : •.......................... -................................................................................... ~ ..................................•........................•..............................................• r IDr' 3 and S6 I U&FGPUB; USPAT; 'DR '[OFF i 2015/09/01' I I I I USOCR; FPRS; EPO; i i ! 12:52 i 
i i i i JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 
ill~IIBM~TDB_I_I_II r IDr 3 and '37 I U&FGPUB; USPAT; 'DR 'IOFF I 2015/09/01 I I I I I USOCR; FPRS; EPO; : : I 12:52 : 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : •.......... • ............... • ........................................................................ • ......... ~ ................................... • ......................... • ................... , .......................... · r'Dr3andS3 iU&FGPUB;USPAT; 'DR lOFF i2015/09/01i I I I I USOCR; FPRS; EPO; i i l 12:52 i 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : .~~---~-·-·-· r 'Dr 3 and S3 i U&FGPUB; USPAT; 'DR lOFF i 2015/09/01' I I I I USOCR; FPRS; EPO; i i l 12:52 i 
i I I I JPO· DERWENT i i i i 
I I I I I BM~ TDB , : : I : 
IIS31 ln;S13 and S10 IIU&FGPUB; USPAT; ilOR ilOFF 12015/09/0,j 

EASTSearchHistory. l 4000442_Accessible Version.htm[9/l/2015 7 :23 :58 PM] 
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EAST Search History r9 l□r7and S4 IUS-ffiPUB; USPAT; IDR rFF 12015/09/011 I I I I USOCR; FPRS; EPO; : : I 12:53 : 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : ,··········' ............... • ........................................................................ • ......... ~ ................................... • ......................... • ...................•.......................... · ro l□r?and S3 IUS-ffiPUB; USPAT; IDR lOFF 12015/09/011 I I I I USOCR; FPRS; EPO; i i l 12:53 i 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : .~~---~-·-·-· 
l851 l□r 7 and 85 I US-ffiPUB; USPAT; IDR IIOFF I 2015/09/01 I I I I I USOCR; FPRS; EPO; i i l 12:53 i 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : ............ ................. .......................................................................... .......... . ........................................................................................................ .. r l□r?and ST ius-ffiPUB; USPAT; IDR IIOFF 12015/09/011 I I I I USOCR· FPRS· EPO· i i l 12-53 i 
I I I I JPO· DERWENT , : : I . : 
\ \ \ \ ' ' : : ~ : 

I J ................ 1-l .. 1.BM~T□B ....................... 1 ........................ 1 ................... 1 .......................... 1 r l□r?and S8 IUS-ffiPUB; USPAT; IDR IIOFF 12015/09/011 I I I I USOCR; FPRS; EPO; i i j 12:53 i 
i i i i JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 

1 .......... 1 ................ 1 ......................................................................... 1 .. 1.BM~T□B ........................ 1 ......................... 1............. j .......................... 1 

r4 l□r 7 and S8 I US-ffiPUB; USPAT; 'DR 'IOFF I 2015/09/01 I I I I I USOCR; FPRS; EPO; : : I 12:54 : 
i I I I JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 

1.... j ....... j . ................................................................ j 1.BM~T□B ......................... 1 ......................... 1 ................... 1 .......................... 1 r l□r 7 and S10 I US-ffiPUB; USPAT; IDR lOFF I 2015/09/01 I I I I I USOCR; FPRS; EPO; i i l 12:54 i 
i I I I JPO· DERWENT i i i i I I I I I BM~ TDB , : : I : •...........•................• -.......................................................................... ...........................................• ....................... . . ...................................... . r 'Dr 7 and S11 I US-ffiPUB; USPAT; IDR IIOFF I 2015/09/01 I I I I I USOCR· FPRS· EPO· i i i 12·54 i 
I I I I JPO· DERWENT , : : I . : 
I I I I I BM, TDB , : : I : . ........... ................ . ......................................................................... . ......... ~ ................................... ......................... . ............................................ .. r i□r 17 and S12 I US-ffiPUB; USPAT; IDR IIOFF I 2015/09/01 I I I I I USOCR; FPRS; EPO; i i ! 12:54 i 
i i i i JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 
lll~IIBM~TDB_I_I_II 

l859 r 61 I register$4 with (30 or three- I US-ffiPUB; USPAT; 'DR 'IOFF I 2015/09/01 I I I I dimension$3 or 3-D) with I USOCR; FPRS; EPO; : : j 13:01 : 
I I I (coordinate$1 or point$1) with I JPO; DERWENT; : : j : 
i i i model i I BM TDB i i i i ro l□r9 and S1 I us-ffiPUB; USPAT; !DR ![OFF i 2015/09/011 I I I I USOCR; FPRS; EPO; i i l 13:01 i 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : .~~----·-·--· 
r1 1□11859 and S2 I US-ffiPUB; USPAT; iDR lOFF I 2015/09/01 i I I I I USOCR; FPRS; EPO; i i l 13:01 i 
i I I I JPO· DERWENT i i i i 
I I I I I BM~ TDB , : : I : . ............ .......................................................................................... ........................................... -........................• . ...................................... . 

r2 i□B 11859 and S3 I US-ffiPUB; USPAT; iDR ilOFF l2015/09/01i I I I I USOCR· FPRS· EPO· i i l 13·01 i 
I I I I JPO· DERWENT , : : I . : 
\ \ \ \ ' ' : : ~ : 

I J ................ 1-l .. 1.BM~T□B ....................... 1 ........................ 1 ................... 1 .......................... 1 
r3 l□7 11859 and S4 I US-ffiPUB; USPAT; iDR ilOFF l2015/09/01i I I I I USOCR; FPRS; EPO; i i ! 13:02 i 
i i i i JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 

1 .......... 1 ................ 1 ......................................................................... 1 .. 1.BM~T□B ........................ 1 ......................... 1............. j .......................... 1 
1r S641n11859 and 85 i US-ffiPUB; USPAT; lnR IIOFF I 2015/09/01 
i i i i USOCR; FPRS; EPO; i i i 13:02 
i I I I JPO· DERWENT i i l ; \ \ \ ' ' : ; ~ 

EASTSearchHistory. l 4000442_Accessible Version.htm[9/l/2015 7 :23 :58 PM] 
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EAST Search History 

II I[ I[ I[ I BM_ TDB :l :l H : 
r6 l□6 11869 and S7 I US-ffiPUB; USPAT; :DR rFF 12015/09/01: I I I I USOCR· FPRS· EPO· i i i 13·02 i 
I I I I JPO· DERWENT , : : i . : 
\ \ \ \ ' ' : : ~ : 

I .......... I ................ 1.l .. 1.BM~T□B ....................... 1 ........................ 1 ................... I .......................... i 
l[S671□11869 and S8 i US-ffiPUB; USPAT; :DR '[OFF I 2015/09/01' I I I I USOCR; FPRS; EPO; i i ! 13:02 i 
i i i i JPO· DERWENT i i i i t \ \ \ ' ' : : ~ : 
111~11BM~TDB_l_l_li r 1D1869 

and S8 i US-ffiPUB; USPAT; 'DR IIOFF I 2015/09/01 i I I I I USOCR; FPRS; EPO; : : I 13:02 : 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : 
, .......... • ............... • ........................................................................ • ......... ~ ................................... • ......................... • ................... , .......................... · r 1□11869 and S10 I US-ffiPUB; USPAT; 'DR lOFF I 2015/09/01' I I I I USOCR; FPRS; EPO; i i i 13:02 i 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : .~~·--~-·-·-· r 1□11869 and S11 I US-ffiPUB; USPAT; 'DR '[OFF I 2015/09/01' I I I I USOCR; FPRS; EPO; i i i 13:02 i 
i I I I JPO· DERWENT i i i i I I I I I BM, TDB , : : I : ,. ........................... · .................................................................................... ~ .................................. , ........................ , .............................................. , 

r1 1□11869 and S12 i IJS-ffiPUB; USPAT; 'DR '[OFF I 2015/09/01' I I I I USOCR· FPRS· EPO· i i l 13·02 i 
I I I I JPO· DERWENT , : : i . : 
\ \ \ \ ' ' : : ~ : 

I .......... I ................ 1.l .. 1.BM~T□B ....................... 1 ........................ 1 ................... I .......................... i 
EAST Search History (Interference} 

l~EIISearch _auery ........................................................................ Ir:Jl~~=~~!orlr4 ~~~P ........ 1 r4 'Di (three-dimension$3 or 3D or 3-D) near8 I U& :DR IOFF I 2015/09/011 I ! ! model$4 with camera adj (path or trajector$3) I PGPUB;: : ! 19:23 : 
I i i with register$4 near9 (point$1 or I USPAT;: : i : 

1 ....... J ........ J .~~~~~i;f)t~i~~ ;1i~~~~~~~~~ ~j0~~~ch.adj ............ J .UPAD .. J ....................... ] .................. 1 ........................ j 
9/1/2015 7:23:53 PM 
C:\ Users\ awong1 \ Documents\ EAST\ Workspaces\ 14000442_090115.wsp 
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EAST Search History 

EAST Search History 

EAST Search History (Prior Art} 

l~F:Jr Search. Query--------------------------------·-- IIDBs-------------------------------------------- l!~~=~~!or]B ~~~p·---- j r 'D3 ! set$1 near2 (three- ! U&PGPUB; USPAT; !DR '[OFF I 2015/09/021 
i ! ! dimension$3 or 3-D or 3D) ! USOCR; FPRS; EPO; ! ! ! 13:04 ! 
! ! ! with point$1 with graph$1 ! JPO; DERWENT; ! ! ! ! 

I _______ J """""J """"""""""""""""""""""""""""""""""__! __ I_BM_ TDB"""""""""""""""'" ! """""""""""" ! """"""""'J """"""""""""" ! r '[! set$1 near2 (three- ! U&PGPUB; USPAT; !DR '[OFF I 2015/09/02! I ! ! dimension$3 or 3-D or 3D) ! USOCR; FPRS; EPO; ! ! ! 13:05 ! 
! ! ! with point$1 with stitch near2 ! JPO; DERWENT; ! ! ! ! 

! ------·_J ----------_J . gr ap h$1 ------------------------------------------------__! . I_ BM_ TD B ------------------------------___! ----------------------___! ----------------·j ------------------------__! 

EAST Search History (Interference} 

11.~~-~ jf ~-~~-~ j[~:.:.~:~---~-~-:-~-~----------------------------------------------------------------------·--lr:]l_~~=~~!or It~'.-~-~-:.'.:. I ~~~ P --------1 r 'D! (three-dimension$3 or 3D or 3-D) near8 ! U& !DR '[OFF I 2015/09/021 
! ! ! model$4 with camera adj (path or trajector$3) ! PGPUB; ! ! ! 13:05 ! 
! ! ! with register$4 near9 (point$1 or ! USPAT;! ! ! ! 
i ! ! coordinate$1) with (virtual adj stitch adj ! UPAD ! ! i ! 
I _______ J __________ J. graph$1). with_ global __ near3 __ motion __________________________ _J __________________ ! ------------------------ ! ________________ J -------------------------- ! 
9/2/2015 1 :06 :40 PM 
C:\ Users\ awong1 \ Documents\ EAST\ Workspaces\ 14000442_090115.wsp 

EASTSearchHistory. l 4000442_Accessible Version.htm[9/2/2015 1 :06:43 PM] 
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Lv = L 

Sv = S--t\:···02 ; 

-']j '.\ ~~: S-::, min(S,, s~) = sl ;f;t)Jlj, mtn(s., S) = Sz; 

_:~'.1 S2 ""'; 5;, min(S~, SJ = S~- dfW!J, min(S2 , S) = S.1 : 

·-- . :t,lf.tN 1-ifHJ-=S;rftfi' /:'1• 'ff) l CCD W~j(t{rlJ l:ti='.:it li ,_ ----•1~.-.-_v'-•,-}•~..,f-J.JJ - - .• ....... '.....-l'.~...., .... ,:$<1,,,\ 

CCD3 lr'.J\~P}t :tiHlff:V!JW·{iI\H].:{t TIH CCD2 :&tfflJ.!;lifW, CCD2 J%-ff('t!:J(J~J-5tfQ{fsHJJtfflX1\: 
i i :kl -il!i: {1}:~j:{f.! f,sfj' 9MFi--fJJ', ,j=:1J' jJi;: 'i~,' 1:.!;! -fl ~;l~l- 1:? jr: :f1"' {,,,1 -':-'t- n,1'· !1JJ RJ~. 4\, ' ii[ i m ::i,'1~: :11r: . f, P':fj :1· 'J'· iI,l '~ H}j' rr] 
-'-1 t:i-•~,+',._4/~1,- ;,"f'..11ll~ ... ~.,,l ...... ~ J~n., ... ~_.,E-L_~- l .. :_.l.._f ~ •• ...,l;-r' ~-·~• .. x ... ..,. ....... _.?f: ···•· r..i-~- .... ··~ 

½.z-'f:_@tJ}~t-iH:":11itfri=,rJit T,, Ji; r:p o < Tt < Li i = 1, 2, ... , n, 11 :&;i~1-HR·5}1H /11Jlf%'zttY& , 
2) tt TDI CCD2 l;(:;Wt·:fr'h N t'l:, N "~ n+l ;n'f@:%1¼".tl{Jt:;~faJ7J/ii:'f-j'\};fflf!f.J:1J1Wt"i½·Yr 

gjj JJ L,~, :-¥[! LE.,;, :ff : 
Lsi "'O 
Le,'" ·1; 

Ls:, "'T,--·l 

l1\ '"1~ 

Ls; ""T, -1 

Le,"" L 

:1) TiJHl TDl CCD2 ;lit ii~ 0i TDT CCDl :lt fld-ri TDl CCD3 :#J-!t r'iJi!ft. .. ~\ f'~ }¾ *-:-f+, i.!-Jf~tt 

s~x 

i "-' y 

s '°' x--Ou ~(\) 

;1;c y, l•,); f"< l"""''")') ,,,,, !~ _,.;,; -·1 '11" ,-,,-,[-)') -"<·o 1'cl;:, lr'·1· i':- .,,., 1"' (,+,,),' H1, -;r.;, )i.':ic l l h f. "" 1 1- a:.~tt··1l~,. L~ w n~1·1~--.:. . ..:.·-.,: i. \..,L - >s~.;.,·-~re ... ·.n t:~ )J>.f-.' Jz1:r ... ff1...:~.1( ac,~) ::=11.i :- H2:1 l\)tt o~t~ u:h ~ . .l ~ .t, 

2 ... N) , 

x = ,.:0 :+a;, X s+a,,: X 1 

y' = b,:.;+bi;Xs'·h::; :x: l 

(4) 
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... ,.. . . , ..tJ:::: ar)1 + ctH x s + a.2., x l 
::'Jc.ol s <s ~ml eff}, , . , " 1. ·-- - y "' b,,, + ts,_ x s + ,;,_, ;,; 

(5) 

.., _ , , ,tlcc.\'-:-0,,+0)) 
3 s ,> C(, t e ll'J, , , 

n, _,.v • :;: f 
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tt: H1 {\'.[ Ir~ m~, m. & ti" xt Jtl: -~ JF tllt :t'f: , +. l±Ltt ~ < ~1:: l±i: itt, );!j Iii M·, T.':°"i;' Iii , if\ 7:: tll fi vc. !~~ n·u 
CBERS-02B yJm HR t-i~t!LOOt:&WHlJS;>i. im!r3H>t;.:J;,I\~:,ft. 2009, 24 (3) ;3'i"1l-378.) :l:tH±! T 
Jiti T Vi]{f[C.Nr: (l{J 'i\'.r11m-·· -~} 02B JUtitJi I,,} NI ,r (HR) ,tHHl~{f!HHt Hit:, .Jt+Jm !!£ :ELt{>f f: :.M: 

[0005] 

(0006] *1ts4b~<Jt(fJtt·:f::.h.~;Jt :XJ.-f·!¥.!x.~~,lc\- 'JJ!:t:k TDI CCD Jit{gz~t±1tl'i01f,1lW±,hHHJ~ 
ibJ J@, :)~ JJHi N~ liJ .lit !U. :fl tu\ ·.ti iI f/,t fd; FE fri rn'.i .L r\ ff tH it 1'1··:Y :':'. .H· f>M ·ffl CCD ;jt !¼: JJEl!X f~ f~ fl~ , 
Jt 1+1 f.l½ MLrJf11~\ ccn ft Pl 111J "!!'.( rt t'i /f :::t; f1<J°M !Yi TD 1 cm 1iJ}···· ?itL ='-1-1 riiJ .ifl: :to. cm t~ [i1(: 1Q1J:!ff:li: 
i)f.j iR1 tlHr.z CCD HI~: !10 flij EH{ , tK!Jki'Tf.H ;r} IH fs] t}S \2{U/nSi1., ;f;!j .ffi Jt IWlil#t JP:: ¥{Mt t1 ftiJ iliHfl. cm 
t4:;f,/i:J _t,·,.1J1 ,m "J'])"I- (0 :i,-'.f) {~j;;.f.·(.,) f'~i l,'r EiJ ·l;'J' l;.1,;i""'r;_lffi ~'fc: ,;,;1'~ /2"'R rl,~l i-;;l/,f,f;f ·,>( 1,)1 ., t,l;;i{h J'.tt X' ~-•11 t'§l ::-n.q));, ,, i'.j~J 8:J .:-A, ,:::i•~ . .,. f i -; .. •• ~ . N>.,.. ..::-3 ... • , .J..,, + ........ :1 .•~ .. • Y .... r....- ... .,.. , _;- -.... , :i'- \\) .. .,.:tt-. . ,~-~ ~ 1· . ~ ".J --~ :---• •:; • i ... --'-.. .. _...... ~ ,..,~,,. 

,c>.• "1;1( ·'-·] l:fr. "<I. "J·· t"· ··I'- -l=; '*' ·"-"' -l;f. [, J · 1-.: .1.L ·,,·v .J~: -~~.-.. 1~: JW J}t. u t:~' }-!.-···1\. Ji ::~a-;: t~~ J'r.J ·_::}. I - f.Y -~KR ~ 

=.:0001] --· •:{;_ ._.. ___ , rti·'il'I :icii'· -1::.,:.,·_·:t_. t"-'J r:_-11:_·,. 11·· -~rJ ~,fr ,1--... ,,.,1 "_·.[;, .... l·'· ,cit: ·'t- -½' .. ,.rJ·' c··t·,1·) .[.}' t-t-h '1'·1 +- "-- .,.l) J • , fl.1tl :0..~. -,ad,:,, ·Ji · 1:;,; }fl. 11' ·1 J '.li.•Jr ., Y :,;, __ , : · ,:,. ~,,_ :';,Jt =:. 1 -, '-B-· }--.; ,;x;. i > .t • . -~-c::: 1,~ t '. !.Lh t 

CCDl '4"1J:1· TDI CCD2 .:¥11-ti'J:~· TDI CCD3 fj{]-f{¼'.NPtWUt1~1&_+rWLY;i st, S2 ff! S:;> [!J_---_J\ ,W:tJ-t 
TDJ CCD '{;~IN fi~!&\:1~;\;t, ft:frh-FHWdY:11::kJ L YLlt(,:/J S, Jt rt1 S -= S; +S2+S; :4' kW.?H1Jt}iJ1tfrtJtJ 
lruhlli.)0 Lv,'>;1Ji!IY.:)(; Sv,Wfff: 
[ooosJ Lv = L 

[0009] (l) 

[0010] Sv "" S-012-0?:, 
[0011 J :·!' r:fi O -4-i --rr1 I ;'•('') I "!-[: 'l'fJ l ('Cl")') "if,- jg<. 1'¥ .,:,. .. ,z1·: ,, . ..i;, :;t,, tt rt.1 n ,./ 0 .,..•· 'll ·1 t' rs ~') ') . _... ~.r.\. f ~ -~ 2 _;.,__ 1~. ,_. -·~.,. -r-- 1~ .1 ....... - 4-.•}rt .. §.~ :!:f.._ '--.i~_x,.i.-·: j .;>,.. ....... ,.->....,~ ...... ___ ;2 '--l !,,,_ :,, 2 .. , 

[0012] O~~ _f;J TDl CCD2 lfl TDI CCD3 'fK·*1-%z:h: i.-\tit-.,,rf.L Jt 1+1 0 <: 0~, < mi.n (S.,, S,) ; 

[0013] 7 S; ,;·; s_,,min(S;,S;) ~ sl d1fYU, min(Sp S) = S2: 

"0014] ,u <.: <.,.- -, · ('' c' - " :or~!i''J , -· re: ... , -- s· :. ' :·::! ··':: .,, :::i:,, m.l r, ""'Z, ,)3} .... '''.: ; f'.l A' , ,111n ''·':, ,),;.·' ..... , :, ; 

[ oo 1 5 J :. , 12: f:f__:Cfti; ;i'fHII il9 g- TD I CCD fl;'.: fig,tJ·0 .l::U:t.: ,fi. ; 
[0016] _:::~,~~t>MlflJJHiJi'ffHi-'Jr: fRittm J·. tfft'..,Hl.tl:flJ=JHfHrL CCD t\tWf:HiJ CCDl, CCD2 :fr! 

5 
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CCD3 Jrtutz, :it+1 , CCDl, CCfXl i¾U'# TDT CCD I, TD! CCl):3 !i:P,{H!{ik-E(ffl'+J2, CCD2 WtJ±}'{f;;: 
CCD i f P CC!)3 itr ::i:: !ilj{ : 1§~ m~. T §!j :)v it ti! SI TD i CCD2 ~1; 1i t;,; .$tel CCD 2 tf ·/$1 rm f"!<J 1t Ht ·ifJ fH -~~= 
i1t1:X¥.: 
[001 7] l ) tfil h1 .;:;fk$m J)Jft l!k?tl t1f Jfb*J )fr f:U3/'.tE fT- {\{ '.1:,1" fl,f f§] Wt]l, t:1.1 #Hr1t, 1£ liJ u Htfr 
UC] ilU ;_);): :'tlf%JUJ<'J,JJ1ffl1J'f(ffi: T;, JV!·1 O <'. T; <: L, i = L 2, ···, n, n -:tbf lf t~V-} IHfiJ/JtfE:YK 
~; 

[001s] 2) .:!tf T.OT CCD2 ?%id})~\ rn, N = n+l ,tlfFUt:"iZt8<J,8:tfl1:J1'Nih-S·;fnf¥.t!~1:~ltHi1Y 
1,g-J}})1J/1 Ls, {n Le,, ff: 
[0019] Ls, = 0 

[0020] 

[0021 J Lt>, = T1 

[0022] Ls, = T1-I 

[0023) (i = 2, , .. , N-l) 

[0024] L(c; :::: T, 

[0025] Ls, = T,-1 

[0026] (t = N) (2) 

[0027] L~, = L 

[0028] •)) Iii ffJ TTJ" I ()']')') {#:;.ig, k ·1't)J c.cn, p;.ff; _:f;[[ ·r.DT Cl"'D'~ ~/,;.HI, ft·'.J;+-1·, t,t r5 Q:·\, ",'1:'," if,..{!!c ;+~flr· ..;., · l .... ,. 1":J · · - ,,._, .,.,... .•:,:.:!<,.-' ,·;.,'- :J · • · ~- ~ .~::.--" \:;~ t • .. ... ' '· ,_,~t ·1·~).. ~-...:. =:f,..-...,, ,,-,,_ ___ -~' Yf·~ -~-... : j ? t l ~.-. -

.s-mm CCD2 JtHid'I) TDl CCD2 :Wf¾(8!JJ}¥&1iJ½';'¾:t«:}f;rz :+VJltftJff;{tl.lttth:tUfitf3Jt{~fK 
t;i-;¥ xny '11 R{J{tJ\"i-½:;T,:t.1 (x, y) tn (x' , y' ) ,fl. (x' , y' ) ;:;J-.i.i':i:-·T" TDI CCD2 .tt1i{U::.l'.r,J 
A\, (x, y) Xf!N T TD I CCD l t.!i; TD! CCD3 Wl.1-f@ J:.iiJ /L 1trm-i} i{ (3), iYW: {x, y) {JJ.:hH1ltll' 
{. >el f~ t··· -·r• 1 j <'' ~-h :f" '" ( ' 1J ~J'f'-: '.+.1:,F Ji~ so i i.} d'l::L 1iF /cJ s, l.1 : 

[0029] S = X 

(0030] (x -~s: S) C1) 

[0031] l '"' y 

[0032] s 00
~ x···01"--l\:, 

[0033] 

(0034] I = y 

[0035] 4) .i>lf Cs, 1) t'J (x' , y' ) n~d,lJKtfX,J'Ni:¥::'l{,?f~f,:z~:i:t: Cl) f1HJUthf!iLr.til) 
1 ...• ,,1,,·;,7-l,'c.·{~-'J-''cf ···;"n g.,,(,'-',·"1j 'l'D' "'"'[1·2 r,_v.1,1> "-·'· ·" ""-{'"'·f~'+·.:J',~·'f' -,,-.:.~~· . : L l ! ;_. IJ'•···•.::-r-··r·&::,£1l'J'i· c,.,.l.),: .>r>dfZJ l ct, }f;),;~:.b'.J','./f".f'<'..)}~l'J:.X"..J.R: .. "J-~'~x. ,·.le,' a,;, il;,i> r.lo,, tl1;• '21 \1 

[0037] (4) 

[0040] L W~ itXRHUHf--H,Uf;:J:. ~-·:J'l' r:£1U CCD ~-fi!'tJHHJHtffi:fl: ; o/ coI __ s x.f f}Z CCD2 {tfa: 
{f::,~hHl}HHitJft U)tit\?:f.tf!j 1.3·, col __ e 70"/W CCD2 {i:,·f;~:CE~t0J9-Ht:iR J:.6~/tiJJ.irF}, JV-f"i. co_["' 
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[0042] 

[0043] 

[0044] 

[0045] i,c 11l/ f.:,H ;j:f'i 1ii":t'8.' j;'\ l'.1<1 RR: :t1 -t ! ·!i'/i $-'$,,;- ii:; J'.1 ;.f., tt ·1rrf 1-- Pl. f~i P~ ii{,: 1<r·:1 :··: p- rJil" :Ir,i. CCD 0U: jl!E 01, r , ...... ✓ J .:,l., •••'•~•,_,J.j_,,:u,: •• _.\.~•n;Jµ_;:_ . .J,"'-,,;::i ,(•'.,;;,_,,..L....,_,,.,•,,\ .t_i,__,,'-"'"•~••-•--,,'•1::.T~.--....._,,...f •••-"•, •:".'C,, .. • • ~ • ..-..• \ .' • 

iX.&:X, Jt>i·', tv:jj~:Jri\Hfl CCD k:l:Jf.t.(fJ·fJ2: 1
~: l;;_i Ji~~~rJ¢J\:Urn!tJ TDT CCD {\J!/>·---1tt, +i WJt~JV, CCD d:Wf. 

Y!U 1tt Yc /~"fi;!:Jr.j'jtJtl CCD t{ [iii: (1·) f's] I~~ d'[H!& tT T.R ;;} rH Iii] fr) /J~(ft trr 6L Ni fJt fii) it tt h: .ttnt 1-1 fi1] 

rm:ru cm 1&Wi.titi8 J:; ,ti fEJ TDI ccD .r1.t·f~l)J_&_mt.rsJa·1J1t~11'f ~H>:ftft.~:X*, :t~RTiJ&!t@5z-,H" ;;8 
ill t-J:)1 .. +1 ffiJ }Ht,. r1{J ~i1tuivK :ff gt tij1J, :w. rm:::~.i JI ::trtu:&: TDT cco h~ ffrtttif: ~r-1 JE/z r~ FVhHt 
Ht, tL M J& ~~: PJ t tU:lt Jdcr ffJ :it\ tl.~ f!J. ·tl 11¼ W: ., 

M! 00 i5tJJ1 
[0046] !!kl l :ft:~::J\·:W)UQ TDI CCD J3,~-!@..lf(Jr;j(]{J)f;;gt~: (a) -HlHL1;t@ttflJ: (h) 11HJ1&.Jtz 
t~ :i:\ : ( c) !ti!ltl nr, ftt:?li t,:r; ;t : 
[0047] ff¾l :z tfr:U T tftJr:HiH'tJJttJJf!l ;J 3U/J;;Y~i'i:lll : 

Aft:%fifiln:it 
[ 004 9] F iiil if~• ·if ~1H l'fJ,;:~- ~t~ ½-z ~g fii'.Ut:t · · iL" H, f:'LU ;/l\";J~. ~ 
[0050) tin 00 1 1\1-r,r~, :.~:· n TD 1 CCD :Witr-t= &t\\\Htd1} frJ f tH-011:VFWf ( rH ! (a)), ,:{}J?.frl4)L 
jJ:'Hftf:ifik\Jrnt.= .. H· TD 1 CCD :J:V/----<ii1h;iJFtt';iS:{& ( [fl l (b)), \I ;\1 .:·:·:·:it TD l CCD f& fttfxt'.~ 
t~ tJJ fi:Q ( rn 11'.'!J: ) hi 71" }[:] Ht }1)J('.l % {it ( ~'fl l fo) ) ,, ·?JU YIT. pt :fn p2 :h TD l CCD l :~- -f;CHl TD I 
CCD2 ~-/t.1·11] r~\!· -;Wi;'ij:g li, .r2: P .'h}tkJ-Xi~UJ':14t/~, HtU;°ff;lJ:~t, Ji{ T5t+i!t:1'hllff:t'.Jf01\0hUl~::}/ 
'\t ::n: t~ TD 1 CCD mHtdJH~ /ht, Jt ;;:;~ fr"(fj li:fil ii]" tJ, 5} .'h !Til i" r.fr Vi: : 
[005l] w;-[frf[ :~;fl\iltffi:J:~WH~J}trtrhtt:t:H!§ljl'{ 
[0052] ·1-tt~=:J--'i.:i~Jtt( TDI CCD Jtfj~f}·~S_J~-TDl CCDl, +iJt TDI CCD2 t~J{; )4- TDl CCD3 

U'Jtf:}.'.[L![l/t;ic1~1&-::,tt:J:.:li] Sp S2 :.ft S,p di :::J\":1t;ttt TD.I CCD &!Ulx.fYJ,liji,,MLtf-f:t:tlH.:inHi'l'tYi.i 
L, J''U:f& Ys1 S, tt:.r S = S; +S2 + S,, ; ◊tffi: mm-{~ ti: (f] f°llttill'M Y..:; Lv, Jiu~ )l;J S V , 1n1J1ff ; 
[0053] 

[0054] 

[0055] 

[0056] 

[005 7J 
[0058] 

[0059] 

[0060] 

;{; ,ji, {\2 )':.i TD.l CCD l ;fil TD 1 CCD2 .Hi:'.1tl:1~"!.:Ti.:t':): i:1-- 1-fx, Jt 1!1 () < 012 <~ min (S,; SJ : 

(\; }u TDI CCD2 t-n T[)l CCD3 TI1>~{f1'::ic~{;ti[·1"\)'.,- Jt;-/, 0 <: 0"3 <: min (S2 , S,,) : 
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{cm62J HJlM-tttJ.-ft i:tl .t!J{JLft ;y tin _L:-:-:: .. n r\/1 ~t. H1Hr= :VU sti TDl CCD ( .tm Htl 2 (a)) Wr:f}jt(K, fN.x-J 
TDI CCD2 ffJ1tit±H f@: ITlHf::ttk, f_-t:Z, LJµ0· ·MJ TD I CCD .lt 1%1 }ditHf :f:Z:, JJIL\ :jttitJ '11 ,C;,J~j; )L M )~ 
-* ii.fl~ NJ Jfi rr•'.J t'fj}f1 .½.iJ' t,,,-4} TiJ. L' .1 :'f;, f-1, -ft• 1·1·1 {t: ij\J' 1- :::: 1·'- ,~- If.~ +n tf rJ{i rt~ )fl l'r\-1 !-'.1) r0t flQ (~C-n J . (·:t~·1· 1? /;-..rJ.: l..J- .~P .. ,~~ .... -.1.::J~t• l~Jj .. ,.'A>,;.J.1t-J. ...... i,. .• ,:,1,~• .. L~/7 ~i/·c.,.,,.'1~ .. ~!,..l'.J,_,ffi~.A ,.....,.~~;.:tf~ ..... , t>,\ .,J...., 

[ 0063] l . W!. {M Jji; 1%t ~m lfJJ i:t Ii Yu Mr ft j:kj :ft 8 {( {E ti' -b'1 ·5} rH fii] W6 :~ ' ¼11 J.tl ff {f:' ft flj lT tn fr 
D'Ji'1J~x·'.ttlJtf/rt.:-Hi'titr/ft:i'. Ti, Jt 1t 1 O -< Ti < L. i ,~ L 2, ···. n, n :JtJi~fi'{50JIHl',\1J@l{'Z;}~: 
?fi.l.: 
[0064] 2. i:ff TDT CCD2 ll!:i.f£st:Jl1 N ~'9:, N = n.,.I :TT}f'£:~/,f*(JiJi@YN::]%Hi?J-ifL1n1UJ1\l\ii 
q. 5}J}lJ)~l Ls , :Hl Lt\ , :{;j- : 

[0065] Ls, '"" 0 

[0066] (i = 1 ) 

[0067] Le, = T; 

[0068] Ls, '"' T, .. -1 

[0069] (i = 2, ... , N-- i) 

[0070] Le; = T, 

[0071] Ls, ;:;;: T,-1 

[0072] (i = N) (2) 

[0073] Le; -'"" L 

[0075] S = X 

[0076] 

[0077] 1 :::: y 

[0-078] s = x-{i,c:-0::s 

[0079] (x > S;-cS) 

[00.80] l "" y 

[OOa1J 4, i~ F (s, J) lJ (x 1 
, y ·· ) tY0 fi\] -t -~~.xt.~:1(€~, ?ifF;c~j:\ (tl) fih'(!t1:1J:'f~:i:{J!t 

lj\::::-.:*l'½':l1Wm: CCD2 tW{&tM TDI CCD2 tth!OlJ';,}f:J{fH}tJ[jff(~lx aw ali, llz:-' bw b1;, h,t (l 

= 1, 2·" N) : 

(0082] x ~--:,, a0;+a1, X s+a
2

, X l 

[0083] 
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[0087] 

[0088] 

c, C 

x1~ac, .. +a11 .xs+a1 .. xl 

y'.::..: h01 +b~ .. x S +b1i x I 

[0090) 

s C O OJ 
( 5) 
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THREE-DIMENSIONAL SCAN RECOVERY 

RELATED APPLICATIONS 

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

5 January 20, 2006. 

BACKGROUND 

1. Field of the Invention. 

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

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

acquisition. 

2. Description of the Related Art. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

exhaustive processing, it poses a significant disadvantage because accuracy and 

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

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

fixed without initiating a new scan -- possibly a full scan to completely replace the 

I 
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defective results. In commercial applications, this may create delays and inconvenience 

that increase the effective cost of scanning. 

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

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

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

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

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

coordinate system. 

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

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

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

progress. 

SUMMARY 

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

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

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

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

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

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

25 

1 

employed to scan complex surfaces including occluded or obstructed surfaces by 

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

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

obtained for two dental arches in occlusion. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

10 three-dimensional images. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

surface reconstruction to the three-dimensional surface data. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

surface data for test fitting. 

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

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

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

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

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

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

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

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

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

indicators distinguishing between the acquisition mode and the recovery mode. 

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

an operator in manipulating the subject in the recovery mode. 

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

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

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

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

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

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

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

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

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

on the surface of the first subject may include a plurality of temporally proximate ones of 

a sequence of three-dimensional images used to derive the three-dimensional data from the 
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first subject. Alternatively, in the method, the first subject may include a first dental arch. 

At least a portion of the second set of three-dimensional data may be fitted to at least a 

portion of the first set of three-dimensional data to provide a unified set of three­

dimensional data. 

5 [0016] The method may further include terminating the second acquisition at a 

location on a surface of the second subject, removing the first subject, and performing a 

third acquisition of three-dimensional data starting at the location on the surface of the 

second subject. The location on the surface of the second subject may include a plurality 

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

10 three-dimensional data from the second subject. Alternatively, the location on the surface 

of the second subject may include a-plurality of temporally proximate ones of the 

sequence of three-dimensional images used to derive the three-dimensional data from the 

second subject. 

[0017] The method may further include combining the first set of three-

15 dimensional data, the second set of three-dimensional data, and the third set ofthree­

dimensional data into a unified set of three-dimensional data. In the method, the second 

subject may include a second dental arch, and the fixed orientation may include the first 

dental arch and the second dental arch in occlusion. 

[0018] In another aspect, a system disclosed herein may include an acquisition 

20 means for performing a first acquisition of a first set of three-dimensional data from a first 

subject, and a positioning means for placing a second subject in a fixed orientation relative 

to the first subject. In the system, the acquisition means may include a means for 

performing a second acquisition of a second set of three-dimensional data starting at a 

location on a surface of the first subject and including at least a portion of the second 

25 subject. In the system, the first subject and the second subject each may be a rigid body. 

(0019) In the system, the location on the surface of the first subject may include 

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

derive the three-dimensional data from the first subject. Alternatively, the location on the 

surface of the first subject may include a plurality of temporally proximate ones of a 

30 sequence of three-dimensional images used to derive the three-dimensional data from the 

first subject. The first subject may include a first dental arch. At least a portion of the 

second set of three-dimensional data may be fitted to at least a portion of the first set of 
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three-dimensional data to provide a unified set of three-dimensional data. The system may 

further include a control means for terminating the second acquisition at a location on a 

surface of the second subject, the positioning means may include a means for removing 

the first subject; and the acquisition means may include a means for performing a third 

5 acquisition of three-dimensional data starting at the location on the surface of the second 

subject. The location on the surface of the second subject may include a plurality of 

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

three-dimensional data from the second subject. Alternatively, the location on the surface 

of the second subject may include a plurality of temporally proximate ones of the 

10 sequence of three-dimensional images used to derive the three-dimensional data from the 

second subject. The system may further include a computing means for combining the first 

set of three-dimensional data, the second set of three-dimensional data, and the third set of 

three-dimensional data into a unified set of three-dimensional data. In the system, the 

second subject may include a second dental arch, and the fixed orientation may include the 

15 first dental arch and the second dental arch in occlusion. 

[0020] In another aspect, a method disclosed herein may include placing a first 

subject in a fixed orientation relative to a second subject, acquiring a first set of three­

dimensional data including a first portion of the first subject and a first portion of the 

second subject, acquiring a second set of three-dimensional data from the first subject in 

20 isolation starting at a location on a surface of the first subject and including a second 

portion of the first subject different from the first portion of the first subject, and 

combining the first set of three-dimensional data with the second set of three-dimensional 

data. 

[0021) In the method, the first subject and the second subject may be a rigid 

25 body. Alternatively, the first subject may include a first dental arch. The location on the 

surface of the first subject may include a plurality of spatially proximate ones of a 

sequence of three-dimensional images used to derive the three-dimensional data from the 

first subject. Alternatively, the location on the surface of the first subject may include a 

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

30 derive the three-dimensional data from the first subject. The method may further include 

acquiring a third set of three-dimensional data from the second subject in isolation starting 

at a location on a surface of the second subject and including a second portion of the 
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second subject, and combining the third set of three-dimensional data with the first and 

second sets of three-dimensional data. The location on the surface of the second subject 

may include a plurality of spatially proximate ones of a sequence of three-dimensional 

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

5 the location on the surface of the second subject may include a plurality of temporally 

proximate ones of the sequence of three-dimensional images used to derive the three­

dimensional data from the second subject. The second subject may include a second dental 

arch, and the fixed orientation may include the first dental arch and the second dental arch 

in occlusion. 

10 (0022] In another aspect, a method disclosed herein may include providing a first 

set of three-dimensional data from a subject, scanning the subject to acquire one or more 

additional three-dimensional images, test fitting each one of the one or more additional 

three-dimensional images to the set of three dimensional dat~ and upon a successful fit, 

adding the one or more additional three-dimensional images to the set of three-

15 dimensional data. 

(0023] The method may include fitting each new one of the one or more 

additional three-dimensional images to one another to provide a second set ofthree­

dimensional dat~ and upon a successful fit, adding the second set of three-dimensional 

data to the first set of three-dimensional data. The three-dimensional data may include 

20 three-dimensional surface data. Alternatively, the one or more additional three­

dimensional images may include surface data derived from two-dimensional image sets of 

the subject. In the method, the set of three-dimensional data may include three­

dimensional surface data acquired·from a subject as a sequence of three-dimensional 

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

25 previous one of the sequence of three-dimensional images. 

(0024] In another aspect, a system disclosed herein may include a storage means 

for providing a first set of three-dimensional data from a subject, an acquisition means for 

scanning the subject to acquire one or more additional three-dimensional images, and a 

computing means for test fitting each one of the one or more additional three-dimensional 

30 images to the set of three diinensional data. The computing means may further include a 

means for detecting a successful fit and~ upon detecting a successful fit, may add the one 

or more additional three-dimensional images to the set of three-dimensional data. 
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(0025] In the system, the computing means may include a means for fitting each 

new one of the one or more additional three-dimensional images to one ano~her to provide 

a second set of three-dimensional data, and upon a successful fit, may add the second set 

of three-dimensional data to the first set of three-dimensional data. In the system, the 

5 three-dimensional data may include three-dimensional surface data. Alternatively in the 

system, the one or more additional three-dimensional images may include surface data 

derived from two-dimensional image sets of the subject. The set of three-dimensional data 

may include three-dimensional surface data acquired :from a subject as a sequence of 

three-dimensional images, each one of the sequence of three-dimensional images may be 

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

[0026) In another aspect, a computer program product disclosed herein may 

include computer executable code which may be embodied on a computer readable 

medium that, when executing on one or more computing devices, performs the steps of 

providing a first set of three-dimensional data from a subject, scanning the subject to 

15 acquire one or more additional three-dimensional images, test fitting each one of the one 

or more additional three-dimensional images to the set of three dimensional data, and upon 

a successful fit, adding the one or more additional three-dimensional images to the set of 

three-dimensional data. 

[0027] The computer program product may further include code to perform the 

20 steps of fitting each new one of the one or more additional three-dimensional images to 

one another to provide a second set of three-dimensional da~ and upon a successful fit, 

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

[0028] In the computer program product, the three-dimensional data may include 

three-dimensional surface data. Alternatively, in the computer program product, the one or 

25 more additional three-dimensional images may include surface data derived from two­

dimensional image sets of the subject. The set of three-dimensional data may include 

three-dimensional surface data acquired from a subject as a sequence of three-dimensional 

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

previous one· of the sequence of three-dimensional images. 

30 (00291 In another aspect, a method disclosed herein may include providing a first 

set of three-dimensional data from a subject, scanning the subject to acquire one or more 

additional three-dimensional images, test fitting each one of the one or more additional 
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three-dimensional images to the first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 

[0030] In the method, providing real time visual feedback may include 

superimposing the first set of three-dimensional data and the one or more additional three-

s dimensional images on a video image of the subject when a test fit is successful. Providing 

real time visual feedback may include displaying one or more navigation cues when a test 

fit is unsuccessful. \,\lhen the test fitting is unsuccessful, the method may further include 

fitting each new one of the one or more additional three-dimensional images to one 

another to provide a second set of three-dimensional data. Upon a successful fit, the 

10 method may further include adding the second set of three-dimensional data to the first set 

of three-dimensional data. The three-dimensional data may include three-dimensional 

surface data. The one or more additional three-dimensional images may incJud~ surface 

data derived from two-dimensional image sets of the subject. Additionally. the set of 

three-dimensional data may include three-dimensional surface data acquired from a 

15 subject ~s a sequence of three-dimensional images, each one of the sequence ofthree­

dimensional images fitted to at least one previous one of the sequence ofthree­

dimensional images. 

(0031] In another aspect, a system disclosed herein may include a storage means 

for providing a first set of three-dimensional data from a subject, an acquisition means for 

20 scanning the subject to acquire one or more additional three-dimensional images~ a 

computing means for test fitting each one of the one or more additional three-dimensional 

images to the first set of three-dimensional data in real time, and a display means for 

providing real time visual feedback to a user relating to the test fitting. 

[0032) In the system, providing real time visual feedback may inciude 

25 superimposing the first set of three-dimensional data and the one or more additional three­

dimensional images on a video image of the subject when a test fit is successful. 

Alternatively, providing real time visual feedback may include displaying one or more 

navigation cues when a test fit is unsuccessful. The computing means may include means 

for, when the test fitting is unsuccessful, fitting each new one of the one or more 

30 additional three-dimensional images to one another to provide a second set ofthree­

dimensionaJ data, and upon a successfu] fit, adding the second set of three-dimensional 

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

10 
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may include :three-dimensional surface data. The one or more additional three-dimensional 

images may include surface data derived from two-dimensional image sets of the subject. 

The set of three-dimensional data may include three-dimensional surface data acquired 

from a subject as a sequence of three-dimensional images, each one of the sequence of 

5 three-dimensional images fitted to at 1east one previous one of the sequence ofthree­

dimensional images. 

[0033] In another aspect, a computer program product disclosed herein may 

include computer executable code embodied on a computer readable medium that,, when 

executing on one or more computing devices, performs the steps of providing a first set of 

10 three-dimensional data from a subject, scanning the subject to acquire one or more 

additional three-dimensional images, test fitting each one of the one or more additional 

three-dimensional images to the first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 

(0034) In the computer program product,, providing real time visual feedback 

15 may include superimposing the first set of three-dimensional data and the one or more 

additional three-dimensional images on a video image of the subject when a test fit is 

successful. Alternatively, providing real time visual feedback may include displaying one 

or more navigation cues when a test fit is unsuccessful. The computer program product 

may further include computer code that performs the steps of, when the test fitting is 

20 unsuccessful, fitting each new one of the one or more additional three-dimensional images 

to one another to provide a second set of three-dimensional data, and upon a successful fit, 

adding the second set of three-dimensional data to the first set of three-dimensional d_ata. 

The three-dimensional data may include three-dimensional surface data. The one or more 

additional three-dimensional images may include surface data derived from two-

25 dimensional image sets of the subject. The set of three-dimensional data may include 

three-dimensional surface data acquired from a subject as a sequence of three-dimensional 

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

previous one of the sequence of three-dimensional images. 

30 BRIEF DESCRIPTION OF THE FIGURES 

[0035] The invention and the following detailed description of certain 

embodiments thereof may be understood by reference to the following figures. 
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Fig. 1 shows an image capture system. 

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

Fig. 3 shows a process for operating an image capture system. 

Fig. 4 depicts a view of a user interface for an image capture system. 

[0040] Fig. 5 depicts a view of a user interface for an image capture system in an 

acquisition mode. 

[0041} Fig. 6 depicts a view ofa user interface for an image capture system in an 

acquisition mode. 

[0042) Fig. 7 depicts a view of a user interface for an image capture system in a 

10 recover mode. 

[0043] Fig. 8 depicts a view of a user interface for an image capture system in a 

recover mode. 

[0044] Fig. 9 depicts a view of a user interface for an image capture system after 

reacquiring a scan. 

15 [0045] Fig. 10 is a three-dimensional view of a first component of a scanning 

subject. 

[0046] Fig. 11 is a three-dimensional view of a first and second component of a 

scanning subject. 

[0047) Fig. 12 is a three-dimensional view ofa second component ofa scanning 

20 subject. 

DETAILED DESCRIPTION 

[0048] Described below is a technique for providing real time visual feedback to 

a user operating an incrementaJ three-dimensional scanning device. However, it will be 

25 appreciated that the inventive concepts disclos~d herein are not limited to such 

applications, and may be usefully employed in a number of imaging applications. For 

example, while visible light, video-based systems are described in some detail, the 

techniques described herein may be usefully applied to other imaging modalities based on, 

for example, x-rays, infrared or ultraviolet light, ultrasound, laser light, and so forth. As 

30 another example, the systems described herein may be usefully employed i:h two.:. 

dimensional imaging systems or other applications where user feedback and correction 

might be augmented by real time visual feedback. As a further example, the systems and 
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methods described herein may be employed in an automated:, robotic system to automate 

rescanning of regions of a subject w:here incremental image data has. been lost or degrades 

in quality below a predetermined threshold. All such variations and alternative 

embodiments as would be apparent to one of ordinary skill in the art are intended to fall 

5 within the scope of this disclosure. 

[0049] In the following description, the term "image" generally refers to a set of 

two-dimensional pixels forming a two-dimensional view of a subject within an image 

plane. The term "image set" generally refers to a set of related two dimensional images 

that might be resolved into three-dimensional data. The term "point cloud" generally 

10 refers to a set of three-dimensional points forming a three-dimensional view of the subject 

reconstructed from a number of two-dimensional views. In a three-dimensional image 

capture system, a number of such point clouds may also be registered and combjned into 

an aggregate point cloud constructed from images captured by a moving camera. Thus it 

will be understood that pixels generally refer to two-dimensional data and points generally 

15 refer to three-dimensional data, unless another meaning is specifically indicated or clear 

from the context. 

(00501 Fig. 1 shows an image capture system. In general, the system I 00 may 

include a scanner 102 that captures images of a subject 104 within an image plane 106, 

and forwards the images to a computer 108, which may include a display 110 and one or 

20 more user input devices such as a mouse 112 or a keyboard I 14. 

(0051] The scanner 102 may include any camera or camera system suitable for 

capturing images from which a three-dimensional point cloud may be recovered. For 

example~ the camera 102 may employ a multi-aperture system as disclosed, for example, 

in U.S. Pat. Pub. No. 20040155975 to Hart et al.~ the entire contents of which is 

25 incorporated herein by reference. While Hart discloses one multi-aperture system, it will 

be appreciated that any multi-aperture system suitable for reconstructing a three­

dimensional point cloud from a number of two-dimensional images may similarly be 

employed. In one multi-aperture embodiment, the scanner 102 may include a plurality of 

apertures including a center aperture positioned along a center optical axis of a lens and 

30 any associated imaging hardware. The scanner 102 may also, or instead, include a 

stereoscopic, triscopic or other multi-camera or other configuration in which a number of 

cameras or optical paths are maintained in fixed relation to one another to obtain two-
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dimensional images of an object from a number of slightly different perspectives. The 

scanner 102 may include suitable processing for deriving a three-dimensional point cloud 

from an image set or a number of image sets, or each two-dimensional image set may be 

transmitted to an external processor such as contained in the computer 108 described 

5 below. In other embodiments, the scanner 102 may employ structured light, laser 

scanning, direct ranging, or any other technology suitable for acquiring three-dimensional 

data, or two-dimensional data that can be resolved into three-dimensional data. In one 

embodiment, the scanner 102 is a handheld, freely positionable probe having at least one 

user input device, such as a button, lever, dial, thumb wheel, switch, or the like, for user 

10 control of the image capture system 100 such as starting and stopping scans. 

[0052) Although not shown in Fig. 1, it will be appreciated that a number of 

supplemental lighting systems may be usefully employed during image capture. For 

example, environmental illumination may be enhanced with one or more spotlights 

illuminating the subject 104 to speed image acquisition and improve depth of field (or 

15 spatial resolution depth). The scanner I 02 may also, or instead, include a strobe, flash, or 

other light source to supplement illumination of the subject 104 during image acquisition. 

[0053] The subject 104 may be any object, collection of objects, portion of an 

object, or other subject matter. While illustrated in Fig. 1 as a simple geometric ~orm, the 

subject 104 may include much more complex surfaces, and any number of separate 

20 elements. For example, in a dental imaging application, the subject l 04 may include a 

tooth,. a quadrant of teeth, or a full collection of teeth including two opposing arches from 

which a virtual dental impression is desired. The subject 104 may also, or instead, include 

a dental prosthesis such as an inlay, a crown, or any other dental prosthesis, implant, or the 

like. The subject l 04 may include a dental model, such as a plaster cast, wax-up, 

25 impression, or negative impression of a tooth, teeth, soft tissue, or some combination of 

these. In certain instances, an optical or textured imaging agent may be applied to surfaces 

of the subject I 04 to improve capture of three dimensional points. In other embodiments, 

the subject 104 may be a human head. or a portion thereof. from which a three­

dimensional model is desired for custom fitting of a hearing aid, eyegl~ses, goggles, or 

30 the like. In other embodiments, the subject 104 may be a physical model of an object for 

use in digital animation, such as a miniature, physical model for use in a three-dimensional 

digital animation process. From the preceding examples, it will be apparent that a system 
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using the techniques described herein may be suitably adapted to a wide range of 

applications for relatively short range, high resolution three-dimensional image 

acquisition. However, one skilled in the art will appreciate that suitable adaptations to the 

image capture system 100 may be made for a variety of other three-dimensional imaging 

5 applications based upon multi-aperture or multi-camera systems, as well as other three­

dimensional imaging systems and technologies, and all such variations are intended to fall 

within the scope of this disclosure. 

[0054] The image plane 106 may include a two-dimensional field of view of the 

camera 102. It will be appreciated that the term "image plane" as used in this paragraph, 

10 refe.rs to a plane in the imaging environment rather than a plane within an optical sensor 

( such as film or sensors) where an image is captured. Though illustrated as a rectangle the 

image plane 106 may, for example, form a square, a circle, or any other geometry 

provided by the scanner 102. In general, the scanner 102 will have a depth of field or 

range of depth resolution for image acquisition within the image plane 106 determined by 

15 the physical construction of the scanner I 02 and environmental conditions such as ambient · 

light. 

[0055] The computer 108 may be, for example, a personal computer or other 

processing device. In one embodiment, the computer 108 includes a personal computer 

with a dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access 

20 memory, a TYAN Thunder K8WE motherboard, and a 250 gigabyte, 10,000 rpm hard 

drive. This system may be operated to capture approximately 1,500 points per image set 

in real time using the techniques described herein, and store an aggregated point cloud of 

over one million points. More generally, processing capabilities of the computer 108 may 

vary according to the size of the subject 104, the speed of image acquisition, and the 

25 desired spatial resolution of three-dimensional points. The computer 108 may also include 

peripheral devices such as a keyboard 114, display 110, and mouse 112 for user 

interaction with the camera system 100. The display 110 may be a touch screen display 

capable of receiving user input through direct, physical interaction with the display 110. 

[0056) Communications between the computer 108 and the scanner 102 may use 

30 any suitable communications link including, for example, a wired connection or a wireless 

connection based upon, for example, IEEE 802.11 (also known as wireless Ethernet), 

BlueTooth, or any other suitable wireless standard using, e.g., a radio frequency, infrared, 
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or other wireless communication medium. In medical imaging or other sensitive 

applications, wireless image transmission from the scanner 102 to the computer 108 may 

be secured. The computer 108 may generate control signals to the scanner 102 which, in 

addition to image acquisition commands, may include conventional camera controls such 

5 as focus or zoom. 

[0057) In an example of general operation of a three-dimensional image capture 

system 100,. the scanner I 02 may acquire two-dimensional image sets while the scanner 

102 is passed over a surface of the subject. The two-dimensional image sets may be 

forwarded to the computer I 08 for derivation of three-dimensional point clouds. The 

10 three-dimensional data for each newly acquired two-dimensional image set may be 

derived and fitted or "stitched" to existing three-dimensional data using a number of 

different techniques. One useful example of such a technique is described in commonly­

owned U.S. App. No. 11/270,135, filed·on November 9, 2005, the entire contents of which 

is incorporated herein by reference. However, it will be appreciated that this example is 

15 not limiting, and that the principles described herein may be applied to a wide range of 

three-dimensional image capture systems. 

[0058) From time to time in such incremental data acquisition systems, the 

fitting or stitch may fail for reasons described in greater detail below. In such situations, a 

user may be notified through visual feedback that a recover mode has been entered. In the 

20 recover mode, the system 100 may seek to reacquire the previous scan by test fitting new 

scan data to previously acquired data, and providing visual feedback fo a user to assist in 

navigating back to a scan location on the subject where the re-acquisition is being 

attempted. In a related landing mode, a user may attempt to initiate a new scan registered 

or connected to an existing three-dimensional model. Similar visual feedback tools may 

25 be provided to guide a user to an appropriate scan location, and notify a user when the 

scan has been reacquired. These techniques are now described in greater detail, beginning 

with a detailed description of the processes for a stitch recovery and a landing> described 

with reference to Figs. 2 and 3. The corresponding user interface is described in greater 

detail with reference to Figs. 4 et seq. 

30 (0059] Fig. 2 depicts a process for three-dimensional scanning. The process 200 

may begin 202 by acquiring a candidate frame from a sensor, such as an image set from 

the scanner 102 described above, as shown in step 204. During this phase of the process 
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200, a video image such as a video image of the subject from a position or point of view of 

the scanning device, may be rendered on the display 110. This view may assist a user of 

the image capture system 100 in positioning the scanner 102 relative to the subject 104. In 

such embodiments, the view will continuously shift as the user moves the scanner 102 

5 about the subject 104, always maintaining a visual display of the point of view of the 

scanner 102 on the subject 104. In other embodiments, the subject 104 may be displayed 

in a static, non-moving orientation within the display 110, while a visual cue may be 

provided within the user interface as to a position and orientation of the scanner. 

(0060) As shown in step 206, three-dimensional data may be derived from the 

10 candidate frame. Stated alternatively, the two-dimensional data, such as an image set, may 

be converted into three-dimensional dat~ or a three-dimensional image. As used herein, 

the terms three-dimensional data, three-dimensional representation, three-dimensional 

model, three-dimensional image, three-dimensional surface map, and the like are used 

interchangeably to describe the three-dimensional representation assembled from 

1 S incremental scan results captured by the scanning device, or a portion thereof, unless a 

different meaning to these phrases is explicitly stated or clear from the context. 

[0061] A number of techniques may be employed to calculate three-dimensional 

point values from the candidate frame. For example, stereoscopic matching techniques 

include probabilistic measures of image similarity such as mutual information or 

20 correlation of pixel intensities. Other types of suitable derivations include, for example, 

optical flow using spatial and/or temporal gradients. In a stereoscopic camera 

configuration; for example, the image set typically includes two images. However, three 

or more images may be included in an image set using a multi-aperture camera 

configuration, such as a three or four aperture camera, or similar can1era systems. It 

25 should also be appreciated that each set of three-dimensional data need not include all, or 

even most, of the points that might be recovered from the candidate frame. The point 

cloud may, for example, be calculated from a sparse mesh of a candidate frame image set 

(relative to the pixel density of the original i?Tiage set). This arrangement may be 

particularly suitable for acce·lerating processing in real time imaging applications. The 

30 sparse mesh may be obtained from any subset of pixels in the image set. Regular 

rectangular grids, for example, are particularly suited to hierarchical methods using 

subsampling of images. However, other meshes may be used, such as triangular, square, 
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quadrilateral, or the like, to select regularly or irregularly spaced pixels within the image 

set for derivation of a point cloud. In some embodiments, a relatively sparse subset of 

pixel data may be employed for real time rendering and feedback, while a denser or 

complete version of pixel data is stored for use in a more computationally intensive post-

5 processing step, which might yield greater accuracy and density. 

(0062] It will be appreciated that three-dimensional surface <;tata consisting of a 

point cloud of three-dimensional points is one type of three-dimensional data that may be 

readily derived from two-dimensional image sets. However, other forms of three­

dimensional data may also be obtained using various techniques known in the art. This 

10 may include, for example, three-dimensional surface data consisting of a three­

dimensional map of interconnected polygons, such as triangles or other regular or irregular 

polygons, or volumetric three-dimensional data reflecting interior as well as surface points 

of the subject. All such variations are intended to fall within the scope of this disclosure. 

[0063] As shown in step 208, once three-dimensional data has been derived, it 

15 may be evaluated to determine whether the derivation was successful. In general, this 

tests the recovery of incremental data for internal consistency, rather than by comparison 

to the full three-dimensional model reconstructed from incremental scans. For example, 

movement of the scanner laterally off the subject may result in an insufficient amount of 

derived data. or a complete lack of derived data. Similarly, with certain imaging 

20 technologies, rapid scanner motion may cause blurring in acquired two-dimensional image 

sets that interferes with conversion to three-dimensional data. This motion blur may 

render an image set unsuitable for derivation of three-dimensional data, or reduce the 

quality of derived three-dimensional data. Other scanner motions, such as movement 

outside the scanner's physical scanning range (again, this may be technology dependent), 

25 such as too close or too far away from the subject, may result in low quality or insufficient 

derived three-dimensional data. Other imaging artifacts may similarly render a particular 

image set unsuitable (or less suitable) for deriving three-dimensional data, such as lack of 

texture on a surface of the subject, poor optical focus or resolution, illumination anomalies 

such as specularities or shadows, distortion and aberration artifacts in components in the 

30 optical path, and so forth. Other factors such as physical properties of the subject may 

cause deterioration of data acquisition. For example, highly reflective surfaces may 

interfere with three-dimensional conversion. Various quantitative measures of success 
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may be employed, and in various embodiments, numerical thresholds may be user­

specified according to a desired accuracy of the resulting three-dimensional model. If it is 

determined that the two-dimensional data ( or other sensor da~ as discussed generally 

above) has been successfully converted into three-dimensional data, then the process 200 

5 may proceed to step 210. Ifit is determined that the two-dimensional data has not been 

successfully converted into three-dimensional data, then the process may proceed to step 

224. 

[0064] In step 21 (), a determination may be made as to whether there is a 

reference frame or image, such as a previously acquired image set or derived three-

10 dimensional data. In one embodiment, a reference frame will always be available, except 

when the currently acquired frame is the first frame in a sequence. In various 

embodiments, different data types may be employed for comparison of incremental data, 

such as two-dimensional source data, converted three-dimensional data points, and so 

forth. However, in step 210, the process 200 is only testing for the existence of a 

15 reference frame, not the quality ofthe image frame. If a.reference frame is present, the 

process 200 may proceed to step 212. If a reference frame is not present, the process 200 

may proceed to step 220. 

[0065) As shown in step 212, the incremental three-dimensional image data may 

be fitted or stitched to the existing three-dimensional model. In one embodiment, this 

20 process is performed by deriving scanner motion between positions or points of view for 

successive image captures. However, other techniques may be employed~ such as direct 

fitting of features from the new three-dimensional image to the previously acquired three­

dimensional model., All such techniques that might usefully be employed to register new 

three-dimensional data to existing three-dimensional data are intended to fall within the 

25 scope of this disclosure. Once a fit has been attempted in step 212, the process 200 may 

proceed to step 214. 

[0066) In step 214, the fit obtained in step 212, which may be considered a test 

fit until accepted for addition to the previously acquired three-dimensional data, may be 

tested for success. This test fitting may employ any number of quantitative techniques for 

30 comparing some or all of the newly acquired three-dimensional data to the previously 

acquired three-dimensional data. Tests such as correlation or feature matching may be 

employed to obtain a confidence score or other objective measure of fitting. Further, 
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where a quantitative limit or range is employed to measure a successful fit, the limit or 

range may be user-controlled either by explicit selection of a numeric fit parameter or by 

selection of a qualitative fit parameter (e.g., tight, moderate, loose, etc.). User evaluation 

and feedback may also be incorporated into a fitting algorithm, which may, for example, 

5 be in response to a frequently recurring failure to fit, or to a specific failure event. It will 

be appreciated that, while a single test fit is shown in step 214, any number of test fits may 

be performed during this step. In this manner, a number of sequentially acquired three­

dimensional images used in whole or in part to constitute the three-dimensional model 

may each be test fitted to the newly acquired three-dimensional data. This approach may 

10 have particular utility where test fitting employs two-dimensional image set data instead 

of, or in addition to, any three-dimensional data derived therefrom. 

[0067] In one example embodiment, a number of different reference frames (also 

referred to herein as reference images) may be selected for a test fit. The number of 

reference frames may be selected using various criteria. For example, reference frames 

15 may be selected according to temporal proximity to the new incremental data. That is, a 

group of most recent image sets or three-dimensional data sets may be employed for test 

fitting. As another example, reference frames may be selected according to spatial 

proximity to the new incremental data. That is, a group of image sets or three-dimensional 

data sets that are physically closest to the last known point on the subject may be used. 

20 Other techniques may be suitably employed for selecting candidate reference frames, 

either alone or in combination, including image entropy~ data density, data quantity, and/or 

scanning parameters (such as focal distance or location within field of view). In one 

embodiment reference frames may be selected from a beginning of the sequence of 

incremental three-dimensional images used to create the three-dimensional model, such 

25 that a user may attempt reacquisition from where the original scan was initiated. In one 

embodiment, reference frames may be selected for an end of the sequence ofincremental 

three-dimensional images used to create the three-dimensional model, such that a user may 

attempt reacquisition from where the original scan was lost. In one embodiment, a user 

may specifically select a point or region on the three-dimensional model for test fitting. 

30 This user selection may be used to derive a pool of candidate frames based upon the 

techniques described above. Manual selection will be discussed in greater detail with 

reference to the stitch recover mode in Fig. 3. Generally, the manual selection may be 
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achieved through operation of the user interface to select one or more points on the 

existing three-dimensional model. 

(0068] If the new three-dimensional data is successfully fitted to the existing 

three-dimensional data, then the process may proceed to step 216. If the new three-

s dimensional data is not successfully fitted to the existing three-dimensional data, then the 

process may proceed to step 226. 

(0069] As shown in step 216, new or incremental three-dimensional data may be 

added to the three-dimensional model. In one embodiment using camera·motion 

estimation, this step may include a rigid transformation of the incremental three-

10 dimensional data to the coordinate system of the three-dimensional model, as depicted in 

step 218. However~ it will be appreciated that any suitable technique for registering new 

three-dimensional data to existing three-dimensional data may be usefully employed in 

step 216, and the choice of a particular technique may vary according to the scanning 

technology and/or sensor data of a particular image capture system. 

15 [0070] As shown in step 220, the new or incremental three-dimensional data may 

next be selected as a candidate reference frame for subsequent acquisitions of one or more 

sequential data sets from the scanner 102. At this point, the process 200 may proceed to 

step 222. 

[0071] As shown in step 222, a determination may be made as to whether the 

20 scan is finished. This may include, for example, user input received through the input 

device 116 on the scanner 1027 through the mouse 112, the keyboard 114, or, for a touch 

screen embodiment, through the display 110. It will be appreciated that in certain 

embodiments, the process 200 may be stopped at any point upon receipt of such a user 

input. If it is determined that the scan is finished, the process 200 may proceed to step 228 

25 and end. If it is determined that the scan is not finished, the process may return to step 204 

where a new ~andidate frame may be acquired from the scanner I 02. In a subsequent pass 

through the following processing steps, the "newly acquired" three-dimensional data may 

be used as a reference frame for subsequent fitting steps. 

(0072] As shown in step 224, when a derivation of three-dimensional data is 

30 unsuccessful (which may also be understood as a species of unsuccessful fitting, discussed 

with reference to step 214), the process 200 may proceed to determine whether at least one 

reference frame exists. If no reference frame exists, then the process may proceed to step 
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222, and subsequently to step 204 where a new candidate frame may be acquired. If a 

reference frame does exist, the process may proceed to step 226, which more generally 

represents a stitch recovery mode 226. 

[0073] In the stitch recover mode 226 the process 200 may attempt to reacquire 

5 or resume a scan by test fitting each newly acquired data set to some portion of the three­

dimensional model. During this phase, the process may optionally begin ass~mbling a 

new three-dimensional model from sequential, incremental three-dimensional data sets. In 

this manner, once the original scan is reacquired with a successful fit to the original three­

dimensional model, all of the three-dimensional data acquired during the recover mode 

IO may be immediately registered to the original three-dimensional model. Although not 

explicitly depicted, it will be appreciated that in certain embodiments a user may manually 

select the recover mode 226, such as where a scan is purposely interrupted by the user. It 

will be noted that the terms "reacquire'~ "resume" and are used interchangeably herein to 

refer to either scans that have been lost due to signal degradation or scans that have been 

15 explicitly stopped through user operation. 

[0074] In one aspect, the process 200 described herein, and systems embodying 

this process, include two operating modes. In an acquisition mode, normal acquisition, 

conversion to three-dimensional data, and test fitting to the three-dimensional model may 

take place, as described generally above. In a recover mode, or in the landing mode 

20 described below, newly acquired incremental data is test fitted to the three-dimensional 

model, but may also be fitted to a second model so that useful three-dimensional data may 

continue to be acquired during the recover mode, which is described in greater detail with 

reference to Fig. 3. 

[0075] In another aspect, visual cues or indicators may be provided to a user 

25 through the monitor 110 with respect to whether the image capture system 100 is in a 

recover mode or a normal acquisition mode. For example, in the normal acquisition mode, 

the display 110 may show a video image ofthe subject 104, as viewed from the scanner 

102. The computer may render the three-dimensional model, which may be a three­

dimensional point cloud of surface data acquired for the subject I 04, superimposed on the 

30 video image. The surface data may be rendered with shading, or a wireframe or other 

visual techniques to visualize the three-dimensional shape of the surface data. In this 

mode, the user experience may be one of virtually spray painting a surface of the subject 
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104 with points or other surface rendering (such as polygons) that reflects the acquired 

three-dimensional model. In the recover ( or landing) mode, the computer may render the 

video image of the subject 104 as viewed from the scanner 102; however, the computer 

l 08 may remove or stop rendering the three-dimensional model. This may provide 

5 immediate user feedback that acquisition has been lost. In addition, the computer may 

render a previous video image of the subject 104 from a previous position of the scanner 

l 02, in particular, a previous position or location on the subject 104 selected as a reference 

frame for re-acquisition, superimposed on the current video image. The superimposed 

video image from the previous location may be rendered in a different color~ or with 

l O different opacity to provide a visual offset from the current video image. By 

superimposing the previous video image, as centered on the location where re-acquisition 

is being algorithmically test fitted, the system can provide feedback to a user that will 

ass~st the user in re-centering the scanner 102 at the desired position on the subject l 04. 

Thus the user may be provided with visual cues as to the acquisition mode and the recover 

15 mode. The recover mode, in particular, may provide visual feedback to assist a user in re­

acquiring three-dimensional data acquisition for the original three-dimensional model. It 

will be appreciated that other techniques may be employed, such as directional arrows or 

verbal cues, to coach a user back to an appropriate location relative to the subject 104. 

Using the computer I 08 described above, the visual cues or indicators may be rendered at 

20 a video rate consistent with image capture, so that the system provides real time visual 

feedback to a user. 

[0076] The recover mode will now be described in greater detail. 

[0077} As shown in Fig. 3, a recover mode process 300 may begin by entering a 

stitch recover mode 302. This may occur through any of the circumstances described 

25 above with reference to Fig. 2, including manual selection of the recover mode by a user. 

[0078) As shown in step 304, a suitable reference frame may be selected. This 

may include one or more reference frames, which may be selected using any of the 

techniques described above with reference to step 214 of Fig. 2. It will be appreciated that 

the reference frames for the recover mode are reference frames selected from the three-

30 dimensional model assembled during the acquisition mode of Fig. 2. After one or more 

reference frames have been selected, the process 300 may proceed to step 306. 
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[0079] As shown in step 306, a reference frame may be assigned for display. 

This may be a video image corresponding to one of the reference frames selected in step 

304, as well as any corresponding two-dimensional or three-dimensional data suitable for 

use in display thereof. More generally, the content of the reference frame may vary 

5 according to a particular imaging technology and/or techniques used to fit incremental 

data. 

(0080] As shown in step 308, a new frame of data may be acquired from the 

scanner 102, including a current video image. 

(0081] As shown in step 310, the current video image may be displayed on the 

10 monitor 110 superimposed on a reference video image selected in step 306. The images 

may be superimposed on the monitor 110 as a visual indicator for the user. The reference 

video image may be superimposed on a current video image captured from a current 

position of the scanner, with each video image distinguished using a visual cue such as 

color, opacity, or the like. This superposition may indicate to a user both where the 

15 scanner is currently positioned and where the scanner should be positioned in order to 

reacquire a scan, so that a user may manipulate the scanner to a suitable position for 

recovery. 

20 

[0082) As shown in step 312, three-dimensional data may be derived from the 

new frame of data, as described for example with reference to step 206 of Fig. 2. 

[0083] As shmvn in step 314, success of the derivation may be evaluated, as 

described for example with reference to step 208 of Fig. 2. If the derivation is successful, 

the process 300 may proceed to step 316. If the derivation is unsuccessful, the process 

300 may proceed to step 308 where a new frame of data may be acquired. 

[0084] As shown in step 316, the newly derived three-dimensional data may be 

25 test fitted to the reference frame(s) from the acquisition mode, using techniques such as 

those described above with reference to step 212 of Fig. 2. 

[0085) As shown in step 318, the test fit may be evaluated for success. If new 

data is successfully test fitted to the reference frame(s), the process 300 may proceed to 

step 320 and exit the recover mode. If the new data is not successfully test fitted to the 

30 reference frame(s), then the process 300 may return to step 308 where a new frame of data 

may be acquired from the scanner 102. At this point. the newly derived three-dimensional 

data may be fitted to three-dimensional data previously derived in the recover mode. In 

24 

-79-



WO 2007/084589 PCT /US2007 /001287 

this manner, a new three-dimensional model may be created within the recover mode. 

When a successful test fit is made to the original ( acquisition mode) three-dimensional 

model, the entire new three-dimensional_ model, or a selected portion thereof, may be 

registered to the original three-dimensional model using a transformation based upon the 

5 successfully fitted frames or three-dimensional images . 

. (0086] It will be appreciated that the above steps may be varied, such as by using 

optical flow techniques to determine correspondence between pixels in adjacent image sets 

in step 212, and that the order of steps may be changed, such as by providing manual 

inputs to stop, start, or restart (recover) a scan that override the sequence of steps depicted 

10 in Fig. 2, or by performing derivation and test-fitting steps together. As another example, 

the reference frame selection process may be automated by, for example, capturing a scan 

from a region of a subject where data has been previously acquired, and registering the 

newly captured scan to the acquired three-dimensional model. At this point, selection of 

subsequent reference frames for test fitting and/or fitting may be based upon image sets 

15 captured from around the registered location of the newly acquired data. Additionally, 

certain steps may be added or omitted, or multiple steps may be combined. Similarly, in 

certain computing environments some steps may be performed in parallel ( such as test 

fitting to multiple reference frames), or certain steps may be distributed among more than 

one process or processor. In one variation, the scanner may remain in a fixed· position, and 

20 three-dimensional image capture may be performed by moving the subject within an 

image plane of the scanner. All such variations and modifications are intended to fall 

within the scope of this disclosure. 

{0087] It will be appreciated that the above process may be realized in hardware, 

software, or any combination of these suitable for the three-dimensional imaging 

25 techniques described herein. The process may be realized in one or more microprocessors, 

microcontrollers, embedded microcontrollers~ programmable digital signal processors or 

other programmable device, along with internal and/or external memory. The process 

may also, or instead, include an application specific integrated circuit~ a programmable 

gate array, programmable array logic, or any other device that-may be configured to 

30 process electronic signals. It will further be appreciated that the process may be realized 

as computer executable code created using a structured programming ianguage such as C, 

an object oriented programming language such as C-H-, or any other high-level or low-
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level programming language (including assembly languages. hardware description 

languages, and database programming languages and technologies) that may be stored, 

compiled or interpreted to run on one of the above devices, as well as heterogeneous 

combinations of processors, processor architectures, or combinations of different hardware 

5 and software~ At the same time, processing may be distributed across the camera and/or 

computer in a number of ways, or all of the functionality may be integrated into a 

dedicated, standalone image capture device. AH such permutations and combinations are 

intended to fall within the scope of the present disclosure. 

[0088] It will also be appreciated that means for performing the steps associated 

10 with the processes described above with reference to Figs. 2 and 3 may include any 

suitable components of the image capture system 100 described above with reference to 

Fig. 1, along with any software and/or hardware suitable for controlling operation of same. 

The following figures describe the systems and methods disclosed herein with reference to 

a user interface that might be rendered, for example, within the display 110 of the image 

15 capture system 100 of Fig. I. 

[0089) Fig. 4 depicts a view of a user interface for an image capture system. The 

user interface 400 may include a window 402 rendered on a monitor such as the display 

110 of Fig. 1. Within the window 402, a video image may be displayed including a field 

of view of a scanner, such as the scanner 102 of Fig. 1. Within the field of view, a subject 

20 404, such as the subject I 04 of Fig. I may be displayed~ along with one or more user 

controls 406. Fig. 4 specifically depicts the user interface before any image acquisition 

steps. As such, there is no rendering of an acquired three-dimensional model or any 

superposition of reference images onto the current video image. 

[0090} The user controls 406 may generally include one or more controls for 

25 manipulating the three-dimensional model (e.g., rotating, scaling, panning, and the like), 

selecting a landing target~ controlling operation of the image capture system (e.g., starting 

or stopping an acquisition), and so forth. The one or more controls may be manipulated, 

for example, using any of the user input devices described above with reference to Fig. 1, 

including physical interaction with the monitor, where the display 110 includes a touch 

30 screen. 

[0091] Fig. 5 depicts a view of a user interface for an image capture system, such 

as described above with reference to Fig. 4, in acquisition mode. In this view, an initial 
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acquisition of a three-dimensional image 502 consisting of a set of three-dimensional 

points has occurred. The three-dimensional image, a first element of a three-dimensional 

model, may be rendered within the user interface as superimposed on the video image of 

the subject 104, as depicted by a number of X's in Fig. 5. It will be appreciated that, while 

5 shown as X's for purposes of distinguishing from subsequent three-dimensional images, 

these points may, in practice, be rendered simply as points or pixels within th~ user 

interface. In such a rendering, techniques such as shading of pixels in accordance with 

simulated lighting may be used, or any other techniques that provide visual cues to 

contours of the captured three-dimensional points so that a human viewer can more readily 

IO interpret the three-dimensional shape captured by the scan. 

[0092] Fig. 6 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-5, in acquisition mode. In this view, a second 

acquisition of a three-dimensional image 602 consisting of a set of three-dimensional 

points has occurred. The second set of three-dimensional points in this view have been 

15 successfully fitted to the first three-dimensional image 502 and added to a three­

dimensional model. It will be appreciated that, while shown as O's for purposes of 

distinguishing from other three-dimensional images, these points may, in practice, be 

rendered simply as points or pixels within the user interface. Over a number of successive 

acquisitions and fits, a large three-dimensional model may be acquired, and the aggregate 

20 point cloud may be rendered with shading to simulate a three-dimensional view of the 

point cloud, all of which may be superimposed on a current video image of the subject. 

(0093] Fig. 7 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-6, in a recover mode. In this view, scan 

acquisition has been lost, such as due to a failure to derive adequate three-dimensional 

25 data or a failure to fit a new three-dimensional image to a three-dimensional model. To 

indicate to a user that the system is in a recover mode, a number of visual cues may be 

provided. For example, as depicted in Fig. 7, three-dimensional points 502, 602 for the 

model may be omitted. As another example, a previous video image 702 of the subject 

may be superimposed on a current video image 404 of the subject. Each image 702, 404 

30 may be rendered in a different color or opacity to indicate its nature. Navigation 

info1:Illation is provided in t~is format. For example, in order to align the current video 

image 404 with the previous video image 702, a user may move the scanner to the right, 
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thus shifting the current video image 404 of the subject to the left and into alignment with 

the previous video image 702. The previous video image 702 may be selected as 

described generally above with reference to Fig. 3 according to its relationship to one or 

more reference frames for re-acquisition of a scan. In general, when the previous video 

5 image 702 and the current video image are aligned (including scaling and rotation), a 

newly acquired image set or three-dimensional image should successfully fit to one of the 

reference frames, or have an elevated probability of successfully fitting to one of the 

reference frames. It will be appreciated that Fig. 7 may also, or instead, depict a landing 

mode in which a user seeks to reacquire a scan for a stored three-dimensional model. 

10 (0094] Fig. 8 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-7, in a recover mode. Fig. 8 provides a 

general comparison to Fig. 7, in which a user has manipulated a scanner to more closely 

align the current video image 404 to the previous video image 702. It will be appreciated 

that Fig. 8 may also, or instead, depict a landing mode in which a user seeks to reacquire a 

15 scan for a stored three-dimensional model. 

[0095] Fig. 9 depicts a view of a user interface for an image capture system, such 

as described above with reference to Figs. 4-8, after reacquiring a scan. In this figure, a 

user has realigned the current video image 404 so that a newly acquired three-dimensional 

image could be successfully fitted to one of the reference images. Upon thus exiting the 

20 recover mode, the system returns to acquisition mode and begins acquiring additional 

three-dimensional data to add to the three-dimensional model. The point cloud 902 of the 

three-dimensional model, optionally including data acquired during the recover mode, is 

superimposed on the current video image 404 to communicate reacquisition to a user. 

This visualization also lets the user know where scanning has been performed and where 

25 additional scanning may be appropriate. 

[0096] In other embodiments, a landing mode may be provided in which a user 

attempts to initiate a new scan registered or connected to an existing three-dimensional 

model. In the landing mode~ the system may optionally create a supplemental three­

dimensional model by fitting sequential frames to one another before a successful fit to the 

30 original three-dimensional model. In various embodiments, the landing mode may also be 

distinguished by a user? s ability to select a point on the original three-dimensional model 

for re-acquisition of a scan. 
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[0097] In one aspect, the systems and methods described herein improve real 

time scanning operations by providing real time user feedback concerning loss and 

reacquisition of a scan. In another aspect, the systems and methods described herein may 

be employed in combination with stored three-dimensional models to enhance the 

S functionality of an image capture system. A number of examples of such enhanced 

functionality are described below. 

[0098) In one embodiment multiple scans of an object, including scans taken at 

different times, may be interpreted as a single scan. For example, in a dental application, a 

tooth surface may be scanned before and after a surface preparation for dental prosthetic. 

10 By starting the second, post-preparation scan, by reacquiring a scan of an unprepared tooth 

surface, the pre-scan and post-scan structure of the prepared surface may be combined into 

a sing)e surface representation that encloses a space to be filled by the dental prosthetic. 

[0099] In another embodiment, the user interface may be modified to permit 

reorientation of the scanner. This may be particularly useful in dental applications where a 

15 full dental arch scan might be most conveniently performed in two halves, with a user 

changing hands or scanner orientation around the midpoint of the arch. The scan could be 

deliberately interrupted, either by rapidly pulling the remote sensor away from the teeth to 

affect a stitch loss, or by pressing a "pause" button which may be any of the user input 

devices described above. At this point, a user may reorient the scan, including one or 

20 more reference images, by 180 degrees (or some other amount) within the user interface. 

This may rotate the system coordinates both for the purposes of display and image 

correlation in the stitch recovery mode. The operator may then rotate the scanner 180 

degrees and attempt to recover a stitch using the recover mode described above. Once the 

stitch is recovered, the scan can proceed in the normal fashion to capture the remaining 

25 teeth. 

[00100] In another embodiment, the user interface may be modified to permit 

selection of a point or region of a subject where reacquisition is to be attempted. The 

interface may. for example, display a point cloud for the three-dimensional model, which a 

user may rotate, translate, or scale within the interface. A control~ which may be 

30 accessible using a mouse, keyboard, input device on the scanner~ or through a touch screen 

display, may be provided to select a point or area fo~ recovery of the scan. Using a 

selection process as described generally above, one or more reference frames may be 
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selected according to spatial or temporal proximity to the selected point, or according to 

any other suitable selection criteria. Reference frames, image sets, or three-dimensional 

data may then be selected from historical scan data according to the user selection. After 

completion of the selection process, a user may enter the recover mode and attempt to 

5 recover a lost stitch using the techniques described above. 

[00101] In another embodiment, the techniques described herein may be applied 

to allow scanning of complex, articulated. closed, or otherwise difficult surfaces with a 

scanning device that acquires three-dimensional data as a continuous sequence ofthree­

dimensional images. An application of this is illustrated below with reference to a pair of 

10 articulated dental arches. 

{00102) Fig. IO is a three-dimensional view of a first component of a scanning 

subject. The first component I 002 is viewed here in isolation, i.e., separate from a second 

component (not shown) that relates to the first component 1002. The first. component 

1002 in this example is a lower arch of human dentition, including surrounding soft tissue. 

15 The objective ofa scan may be to acquire a surface map oflower and upper arches of 

dentition in occ1usion. A scan of the arch using the i_mage capture system 100 described 

above may include a continuous scan of exposed tooth surfaces from within a dental 

patient's mouth, choosing any convenient location 1004 as a starting point, and continuing 

in a scan path 1006 that passes over any exposed regions, and concluding at another 

20 location 1008 on the exterior surface. At this point, the scan may be manually terminated, 

or terminated through a manipulation such as moving the scanner rapidly outside of 

scanning range for the first component 1002. According to one of the embodiments of the 

recover mode described above, one or more reference frames may be established at the 

end of this scan. By scanning the exposed surfaces,.a complete three-dimensional surface 

25 scan of the first component 1002, the lower arch, may be acquired. At the same time, a 

convenient reacquisition point may be established by forcing the system into recovery 

mode at a desired location. It will be appreciated that, while the scan path 1006 as 

illustrated passes below the arch,· which would be appropriate for a dental model, a live 

scan of a patient's dentition captured intraorally would typically only pass over exposed 

30 surfaces. 

[00103) Fig. 11 is a three-dimensional view of a first and second component of a 

scanning subject. The first component 1002 may be the lower arch of Fig. 10. The second 
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component 1102 may an upper arch in occlusion with the lower .arch. Initiating a second 

scan from the recover mode, the scan may be reacquired around the location 1008 on the 

lower arch where the first scan was terminated. The scan may then be continued onto a 

location 1104 on the second component, where the scan may once again be terminated in 

5 recover mode. 

[00104] Fig: 12 is a three-dimensional view ofa second component ofa scanning 

subject. Fig. 12 depicts the second component 1102 in isolation. An arrow 1201 

illustrates a third scan beginning at the location 1104 where the scan was previously 

terminated. The scan may be reacquired at this location 1104 from within the recover 

IO mode. After stitch recovery, the scan may be completed of some or all of the second 

component 1102, ending at a location 1202 on the surface thereof. While depicted 

generally as encircling the second component 1102, it will be appreciated that a surface 

scan such as an intraoral scan of human dentition would typically only be possible for 

exposed surfaces. Scanning in this manner, a complete, three-dimensional surface map 

15 may be obtained for the upper arch and lower arch in occlusion may be obtained from a 

series ofintraoral scans of human dentition. This digital version of a dental bite 

registration may be useful in the fabrication of dental prosthetics involving one or more 

occluded tooth surfaces. More generally, this technique may be suitably adapted to a 

number of scanning environments. For example., this technique may be applied to obtain a 

20 full three-dimensional surface scan of the interior and exterior ofa closed box with a lid, 

or any other components that may be separated for access to interior regions. 

[00105] While the technique described with reference to Figs. 10-12 talces 

advantage of a recover mode that selects reference frames from an area where stitching 

was lost, it will be appreciated that a number of adaptations and variations are possible. 

25 For example, in one embodiment test fitting in the recover mode may be performed for the 

beginning and the end of a scan for which acquisition has been lost. Using such a recover 

mode, the technique may begin with a scan that spans two objects in fixed relationship, 

starting on the first object and ending on the second object. When the objects are 

separated, two separate recoveries may be initiated from the beginning and the end of the 

30 initial scan. In another embodiment, a user interface that permits selection of a point for 

reference frames may be employed to permit a number of different scan orders provided at 

least one scan spans both objects in their desired orientation. In a further variation, any 
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number of separate objects may be sequentially or otherwise scanned in one or more 

orientations by straightforward extension of the techniques described above. Thus there is 

disclosed herein systems and methods for scanning a plurality of objects, which may be 

rigid bodies, in a fixed orientation relative to one another. 

5 [00106] While the invention has been disclosed in connection with certain 

preferred embodiments~ other embodiments will be recognized by those of ordinary skill 

in the art, and all such variations, modifications, and substitutions are intended to fall 

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

to the following claims, which are to be interpreted in the broadest sense allowable by law. 
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CLAIMS: 

What is claimed is: 

A method comprising: 

acquiring three-dimensional surface data from a subject as a sequence o~ three­

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

least one previous one of the sequence of three-dimensional images; 

acquiring an image set for a next three-dimensional image; 

10 when the image set can be converted into the next three-dimensional image and the 

next three-dimensional image can be fitted to the three-dimensional surface data, 

superimposing the three-dimensional surface data and the next three-dimensional image 

onto a two-dimensional image of the subject in a display; and 

when the image set cannot be converted into the next three-dimensional image or 

15 the next three-dimensional image cannot be fitted to the three-dimensional surface data, 

entering a recover mode comprising the steps of: 

20 

25 

2. 

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

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

dimensional image representing a view of the subject from a position from which 

one of the sequence of three-dimensional images was acquired, and the current 

two-dimensional image representing a view of the subject from a position from 

which the image set was acquired; 

acquiring ~t least one subsequent three-dimensional image; and 

test fitting the at least one subsequent three-dimensional image to one or 

more of the sequence of three-dimensional images. 

The method of claim 1 further comprising adding the next three-dimensional image 

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

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

30 dimensional surface data. 
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3. The method of claim 1 wherein the previous two-dimensional image and the 

current two-dimension image include video frames. 

4. The method of claim 1 further comprising manually entering the recover mode in 

5 response to a user input. 

5. The method of claim 1 further comprising automatically entering the recover mode 

in response to a detection of a lost acquisition. 

10 6. The method of claim 5 wherein the detection of the lost acquisition includes a 

detection of a motion blur. 

7. The method of claim 5 wherein the detection of the lost acquisition includes a 

detection of an insufficient recovery of three-dimensional data. 

15 

8. The method of claim 1 wherein the recover mode includes the step of highlighting 

a region on the subject for attempting a recovery. 

9. The method of claim 8 wherein the region includes a plurality of previous ones of 

20 the sequence of three-dimensional images. 

10. The method of claim I wherein the recover mode includes the step oftest fitting 

the at least one subsequent three-dimensional image to one or more additional images 

acquired during the recover mode and test fitting inc1udes selecting a reference image 

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

30 

11. The method of claim 10 further comprising determining the suitability for test 

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

12. The method of claim 10 further comprising determining the suitability for test 

fitting based upon an amount of three-dimensional data in the previous three-dimensional 

image. 
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13. The method of claim 10 further comprising determining the suitability for test 

fitting based upon a placement of three-dimensional data within a range and a field of 

view of an imaging device. 

14. The method of claim 10 further comprising determining the suitability for test 

fitting based upon a temporal proximity of the at least one subsequent three-dimensional 

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

15. The method of claim 10 further comprising determining the suitability for test 

fitting based upon a spatial proximity of the at least one subsequent three-dimensional 

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

16. The method of claim 1 wherein the recover mode includes the step of manually 

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

20 

25 

30 

l 7. The method of claim 1 wherein the recover mode includes selecting a reference 

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

18. A method comprising: 

providing three-dimensional surface data for a subje~t; 

acquiring an image set for a three-dimensional image of the subject; 

when the image set cannot be fitted to the three-dimensional surface data, entering 

a landing mode comprising the steps of: 

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

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

dimensional image representing a view of the subject from a position from which 

the image set was acquired, and the previous two-dimensional image representing 

a view of the subject from which at least a portion of the three-dimensional surface 

data was acquired; 

acquiring at least one subsequent three-dimensional jmage; 
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fitting the at least one subsequent three-dimensional image to a second 

three-dimensional surface reconstruction; 

test fitting the at least one subsequent three-dimensional image to the three­

dimensional surface data; and 

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

superimposing the three-dimensional surface data and the next three-dimensional image 

onto a two-dimensional image of the subject in a display and adding the second three­

dimensional surface reconstruction to the three-dimensional surface data. 

19. The method of claim 18 wherein the previous two-dimensional image and the 

current two-dimension image include video frames. 

20. The method of claim 18 further comprising manually entering the landing mode in 

response to a user input. 

21. The method of claim 18 further comprising, in the landing mode, highlighting a 

region on the subject for attempting a landing. 

22. The method of claim 21 wherein the region includes a portion of the three-

20 dimensional surface data. 

23. The method of claim 18 wherein test fitting includes selecting a reference image 

from the three-dimensional surface data based on a suitability for test fitting. 

25 24. The method of claim 23 wherein the suitability is based on an entropy of image 

data in the previous three-dimensional image. 

25. The method of claim 23 wherein the suitability is based on an amount ofthree-

dimensional data in the previous three-dimensional image. 

30 

26. The method of claim 23 wherein the suitabiJity is based on a p)acement ofthree-

dimensional data within a range and a field of view of an imaging device. 

36 

-91-



5 

WO 2007/084589 PCT/US2007/001287 

27. The method of claim 23 wherein the suitability is based on a spatial proximity of 

the image set to a portion of the three-dimensional surface data. 

28. The method of claim 18 further comprising manually selecting a region of the 

three-dimensional surface data for test fitting. 

29. The method of claim 18 wherein test fitting includes selecting a reference image 

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

IO the three-dimensional surface data. 

15 

20 

30. The method of claim 18 wherein the previous two-dimensional image and the 

current two-dimension image include video frames. 

31. The method of claim 18 further comprising manually entering the recover mode in 

response to a user input. 

32. The method of claim 18 further comprising manually selecting a region from the 

three-dimensional surface data for test fitting. · 

33. A system comprising; 

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

sequence of three-dimensional images> each one of the sequence of three-dimensional 

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

25 device including an acquisition mode in which one or more additional three-dimensional 

images are acquired and added to the three-dimensional surface data, and the deyice 

including a recovery mode in which one or more additional three-dimensional images are 

test fit to one or more of the sequence of three-dimensional images to recover the 

acquisition mode; and 

30 a display adapted to provide one or more visual indicators distinguishing between 

the acquisition mode and the recovery mode. 
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34. The system of claim 33, the display further adapted to provide guidance to an 

operator in manipulating the subject in the recovery mode. 

35. A method comprising: 

5 performing a :first acquisition of a first set of three-dimensional data from a first 

subject; 

placing a second subject in a fixed orientation relative to the first subject; and 

performing a second acquisition of a second set of three-dimensional data starting 

at a location on a surface of the first subject and including at least a portion of the secon.d 

10 subject. 

15 

36. The method of claim 35 wherein each of the first subject and the second subject"is 

a rigid body. 

37. The method of claim 35 wherein the location on the surface of the first subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

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

38. The method of claim 35 wherein the location on the surface of the first subject 

20 includes a .plurality of temporally proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the first subject. 

25 

39. The method of claim 35 further comprising: 

terminating the second acquisition at a location on a surface of the second subject; 

removing the first subject; and 

performing a third acquisition of three-dimensional data starting at the location on 

the surface of the second subject. 

40. The method of claim 39 wherein the location on the surface of the second subject 

30 includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the second subject. 
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41. The method of claim.39 wherein the location on the surface ofthe second-subject 

includes a plurality of temporally proximate ones of the sequence of three-dimensional 

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

42. The method of claim 39 further comprising combining the first set of three-

dimensional data, the second set of three-dimensional data, and the third set of three­

dimensional data into a unified set of three-dimensional data. 

43. The method of claim 35 wherein the first subject includes a first dental arch. 

44. The method of claim 43 wherein the second subject includes a second dental arch, 

the fixed orientation including the first dental arch and the second dental arch in occlusion. 

45. The method of claim 35 wherein at 1east a-portion of the second set of three-

15 dimensional data is fitted to at least a portion of the first set of three-dimensional data to 

provide a unified set of three-dimensional data. 

46. A system comprising: . 

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

20 dimensional data from a first subject; 

positioning means for placing a second subject in a fixed orientation relative to the 

first subject; and 

the acquisition means including means for performing a second acquisition of a 

second set of three-dimensional data starting at a location on a surface of the first subject 

25 and including at least a portion of the second subject. 

30 

47. The system of claim 46 wherein each of the first subject and the second subject is a 

rigid body. . 

48. The system of claim 46 wherein the location on the surface of the first subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

used to derive the three-dimensional data from the first subject. 
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49. The system of claim 46 wherein the location on the surface of the first subject 

includes a plurality of temporally proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the first subject. 

50. The system of claim 46 further comprising: 

control means for terminating the second acquisition at a location on a surface of 

the second subject; 

the positioning means including means for removing the first subject; and 

IO the acquisition means including means for performing a third acquisition of three-

dimensional data starting at the location on_ the surface of the second subject. 

51. The system of claim 50 wherein the location on the surface of the second subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

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

20 

25 

30 

52. The system of claim 50 wherein the location on the surface of the second subject 

includes a plurality of temporally proximate ones of the sequence of three-dimensional 

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

53. The system of claim 50 further comprising computing means for combining the 

first set of three-dimensional data, the second set of three-dimensional data, and the third 

set of three-dimensional data into a unified set of three-dimensional data. 

54. The system of claim 46 wherein the first subject includes a first dental arch. 

55. The system of claim 54 wherein the second subject includes a second dental arch, 

the fixed orientation including the first dental arch and the second dental arch in occlusion. 

56. The system of claim 46 wherein at least a portion of the second set of three-

dimensional data is fitted to at least a portion of the first set of three-dimensional data to 

provide a unified set of three-dimensional data. 
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57. A method comprising: 

placing a first subject in a fixed orientation relative to a second subject; 

acquiring a first set of three-dimensional data including a first portion of the first 

5 subject and a first portion of the second subject; 

acquiring a second set of three-dimensional <lat~ from the first subject in isolation 

starting at a location on a surface of the first subject and including a second portion of the 

first subject different from the first portion of the first subject; and 

combining the first set of three-dimensional data with the second set of th.ree-

l O dimensional data. 

58. The method of claim 57 wherein each of the first subject and the second subject is 

a rigid body. 

15 59. The method of claim 57 wherein the location on the surface of the first subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

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

60. The method of claim 57 wherein the location on the surface of the first subject 

20 includes a plurality of temporally proximate ones of a sequence of three-dimensional 

images used to derive the three-dimensional data from the first subject. 

61. The method of claim 57 further comprising: 

acquiring ofa third set of three-dimensional data from the second subject in 

25 isolation starting at a location on a surface of the second subject and including a second 

portion of the second subject; and 

30 

combining the third set of three-dimensional data with the first and second sets of 

three-dimensional data. 

62. The method of claim 61 wherein the location on the surface of the second subject 

includes a plurality of spatially proximate ones of a sequence of three-dimensional images 

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

41 

-96-



5 

WO 2007/084589 PCT/US2007/001287 

63. The method of claim 61 wherein the location on the surface of the second subject 

includes a plurality of temporally proximate ones of the sequence of three-dimensional 

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

64. The method of claim 57 wherein the first subject includes a first dental arch. 

65. The method of claim 64 wherein the second subject includes a second dental arch, 

the fixed orientation including the first dental arch and the second dental arch in occlusion. 

10 

66. A method comprising: 

providing a first set of three-dimensional data from a subject; 

scanning the subject to acquire one or more additional three-dimensional images; 

test fitting each one of the one or more additional three-dimensional images to the 

15 set of three dimensional da~ and 

upon a successful fit, adding the one or more additional three-dimensional images 

to the set of three-dimensional data. 

67. The method of claim 66 further comprising fitting each new one of the one or more 

20 additional three-dimensional images to one another to provide a second set of three­

dimensional data, and upon a successful fit, adding the second set of three-dimensional 

data to the first set of three-dimensional data. 

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

25 dimensional surface data. 

69. The method of claim 66 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

30 70. The method of claim 66 wherein the set of three-dimensional data includes three-

dimensional surface data acquired from a subject as a sequence of three-dimensional 
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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 

10 including means for detecting a successful fit and, upon detecting a successful fit, adding 

the one or more additional three-dimensional images to the set of three-dimensional data. 

72. The system of claim 71 wherein the computing means includes means for fitting 

each new one of the one or more additional three-dimensional images to one another to 

15 provide a second set of three-dimensional data, and upon a successful fit, adding the 

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

73. The system of claim 71 wherein the three-dimensional data includes three-

dimensional surface data. 

20 

74. The system of claim 71 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

75. The system of claim 71 wherein the set ofthree-dimensionaJ data includes three-

25 dimensional surface data acquired from a subject as a sequence of three-dimensional 

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

previous one of the sequence of three-dimensional images. 

76. A computer program product comprising computer executable code embodied on a 

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

performs the steps of: 

providing a first set of three-dimensional data from a subject; 
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scanning the subject to acquire one or more additional three-dimensional images; 

test fitting each one of the one or more additional three-dimensional images to the 

· set of three dimensional data, and 

upon a successful fit, adding the one or more additional three-dimensional images 

5 to the set of three-dimensional data. 

77. The computer program product of claim 76 further comprising code to perform the 

steps of fitting each new one of the one or more additional three-dimensional images to 

one another to provide a second· set of three-dimensional data, and upon a successful fit, 

10 adding the second set of three-dimensional data fo the first set of three-dimensional data. 

78. The computer program product of claim 76 wherein the three-dimensional data 

includes three-dimensional surface data. 

15 79. The computer program product of claim 76 wherein the one or more additional 

three-dimensional images include surface data derived from two-dimensional image sets 

of the subject. 

80. The computer program product of claim 76 wherein the set of three-dimensional 

20 data i11:clude~ three-dimensional surface data acquired from a subject as a sequence of 

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

at least one previous one of the sequence of three-dimensional images. 

25 

30 

81. A method comprising: 

providing a first set of three-dimensional data from a subject; 

scanning the subject to acquire one or more additional three-dimensional images; 

test fitting each one of the one or more additional three-dimensional images to the 

first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 
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82. The method of claim 81 wherein providing real time visual feedback includes 

superimposing the first set of three-dimensional data and the one or more additional three­

dimensional images on a video image of the subject when a test fit is successful. 

83. The method of claim 81 wherein providing real time visual feedback includes 

displaying one or more navigation cues when a test fit is unsuccessful. 

84. The method of claim 81 further comprising, when the test fitting is unsuccessful, 

fitting each new one of the one or more additional three-dimensional images to one 

IO another to provide a second set of three-dimensional data, and upon a successful fit, 

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

85. The method of claii;n 81 wherein the three-dimensional data includes three-

dimensional surface data. 

15 

86. The method of cJaim 81 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

87. The method of claim 81 wherein the set of three-dimensional data includes three-

20 dimensional surface data acquired from a subject as a sequence of three-dimensional 

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

previous one of the sequence of three-dimensional images. 

25 

88. A system comprising: 

storage means for providing a first set of three-dimensional data from a subject; 

acquisition means for scanning the subject to acquire one or more additional three­

dimensional images; 

computing means for test fitting each one of the one or more additional three-

dimensional images to the first set of three-dimensional data in real time, and 

30 display means for providing real time visual feedback to a user relating to the test 

fitting. 
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89. The system of claim 88 wherein providing real time visual feedback includes 

superimposing the first set of three-dimensional data and the one or more additional three­

dimensional images on a video image of the subject when a test fit is successful. 

90. The system of claim 88 wherein providing real time visual feedback includes 

displaying one or more navigation cues when a test fit is unsuccessful. 

91. The system of claim 88 wherein the computing means includes means for, when 

the test fitting is unsuccessfu], fitting each new one of the one or more additional three-

IO dimensional images to one another to provide a second set of three-dimensional data, and 

upon a successful fit, adding the second set of three-dimensional data to the first set of 

three-dimensional data. 

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

15 dimensional surface data. 

93. The system of claim 88 wherein the one or more additional three-dimensional 

images include surface data derived from two-dimensional image sets of the subject. 

20 94. The system of claim 88 wherein the set of three-dimensional data includes three­

dimensional surface data acquired from a subject as a sequence of three-dimensional 

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

previous one of the sequence of three-dimensional images. 

25 95. A computer program product comprising computer executable code embodied on a 

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

performs the steps of: 

providing a first set of three-dimensional data from a subject; 

scanning the subject to acquire one or more additional three-dimensional images; 

30 test fitting each one of the one or more additional three-dimensional images to the 

first set of three-dimensional data in real time, and 

providing real time visual feedback to a user relating to the test fitting. 
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I 

96. The computer program product of claim· 95 wherein providing real time visual 

feedback includes superimposing the first set of three-dimensional data and the one or 

more additional three-dimensional im~ges on a video image of the subject when a test fit is 

5 successful. 

10 

. 15 

97. The computer program product of claim 95 wherein providing real time visual 

feedback includes displaying one or more navigation cues when a test fit is unsuccessful. 

98. The computer program product of claim 95 further comprising computer code that 

performs the steps of7 when the test fitting is unsuccessful, fitting each new one of the one 

or more additional three-dimensional images to one another to provide a second set of 

three-dimensional data, and upon a successful fit, adding the second set ofthree­

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

99. The computer program product of claim 95 wherein the three-dimensional data 

includes three-dimensional surface data. 

100. The computer program product of claim 95 wherein the one or more additional 

20 three-dimensional images include surface data derived from two-dimensional image sets 

of the subject. 

l O I. The computer program product of claim 95 wherein the set of three-dimensional 

data includes three-dimensional surface data acquired from a subject as a sequence of 

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

at least one previous one of the sequence of three-dimensional images. 
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SPACE'. CARVING IN 3D DATA ACQUISITION 

BACKGROUND 

1. Fidd c,fthc Invcnti()n. 

jOOOl I Tiw inv<.mtion rdat;:~s to the use of space ,;,arving to improve ih:rec-

dimensional da!a m:qui-sition. 

2 Descripiion of the Related Art. 

{U002} A wide range oftcchniqtws exist for acquiring ihrcc-dinwnsfonal daw from 

a ~ubject. 0-ne broad category of techniques employs continuous scanning in ·which 

i.ncremental three--dim(:nsionul data i, acqnired and as&embkd into a foll three-dimensional 

model.. ln thi& laner ('.a!egory, n:gunlkss of the pankolar &canning technology, the cakuliltion 

:ind display ofthrce--dimensional da,;i ('.an become t~ncumhered by mmsient obstructions 

within a scanning volume. Fnr exam.pk, in a ckntal srnn, a pmient's tongue or other sofr 

ti&&,ie m;1y tcmpor;irily ob'Stn.tcl or move a(Uacem to a scanned surface. A. tt.,d,nici;m nmy 

similarly obstruct a scanner's view of the scanned surfact' with a finger, tongu1:.' depresscir, <:)t 

othu insi.rnmt.,nt, There remains a need fi.x tcdmiques to exclude such outliers from a thn.'C· 

dimensional scanning process, 

Sl!J\lMAR\:' 

jll0O]j Thn:e-dimensional scanning i5 irnprol'ed vvith the use of&pace can·ing to 

exdude certain scun n:sults from pn:.Ke&'Sing a.nd display, lfoing space carving tedmiques, a 

spatial matrix is maintained to store data on vohimetrlc regions (or voxds) km)v..-n i.{) be 

emp!)'. By ex duding or rnodii\ing pro(:6sing of wh&cquent ;}u,lier d.atn fo:.iffi ,vi thin ,hese 

tll10C('.Upied voxds, a 1hrne.,dimenskma! nxonstru('.tion proces& can achieve umcrnn.,n, 

imprnvcmcms in m:cun,cy and speed, ln addition, a real timt' display of scan n,.,sults can be 

improved by modifying hc,w such outliers arc rendered. 

!00041 In one aspect a meihod d.i&dost~d herein indudes storing a spatial matrix 

in a mcmot)', the spatial matrix including infi2rmation for a plurality ofvoxds in a mesh ofa 

scan spac,:,; obtaining ihrt,e-dimen-siona! data from an obj.id ,:viihin !he .~\'at1 ~pace 

u~ing u scanner; idcmiiying a ont, of the plurality ofvoxd& in ihe nit\&h that is 11111:xx~upied; 

&todng an indication in the spatiuI matrix 1hr H m,xlifkd prm:es;;ing of datn from the one of 

the plurahty ofvoxd~, tlicrd)y identifying a prohibited volume: w·ithin the: scan spa1:t.,; and 

processing u porti()n ofthe three--dimt,nsim1al data that is not in the prohibited volume 

:iccordi.ng 10 an tmrnodiikd pn:.Jce'Ssing and proce&&ing a second portion of the ,hree­

dlmrnsimrn! daHi that is in the prohibited volume according io the modified pnx:esslng . 

. 1 
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!0005} !dcnti!Ying the one ofthe plurality ofvoxds nwy im:ludc id.eni.i!Ying a 

plurality o:fpoinh on a r:i:y ht:n-1:t:..:n !ht: scarmcr and the obj<c:ct that an: urnx:cupie,t Tht: 

meilwd nrny include pwviding a spatial margin of one or more voxds adjacent to a surfricc of 

the object for ,vhich processing cannot be prohibited. The spatial margin may bt, a multiple of 

a &tandard (kvialion of :i. z-a:.:is measur..:mt:nt for !fa: srnmwc The modifit'li processing nrny 

indude detecting a point in the prohibited volume ;mJ di.~p!aying th.: point with a decay time. 

The modified processing may induck omitting any poinu. in th.: prohibited volume from a 

&urfac:c nK,sh oflht: ob3ec1 cremcd wiih th.: thn:e-din:1cnsional data. The mesh rnay divide ttK: 

scan space into a &patial grid substantially identirn! to a second spatial grid ust:d i.o t:reate the 

surface mesh. The modified processing may include omitting any points in the prohibited 

volurne :from u high-a{:cu.racy refinement oftlH' three--dinit,n&iomil dma. The mesh of!he 8t'.,m 

spucr; may be :,:ubdivided into v{1wh; having a 8ttbstantialty wbic shapr;. The substantially 

cubic ~bape may measi.irc abnut 250 microns on each ~~lge. The prohibited volume may 

indude nwre than one of the plurulity <ifvoxek Tbe &patial mairix may include a binary J1ug 

for cac:h one oflht: p!nrnli!y ofvoxt:ls that indirn!es ,vhdhcr pnx:t:ssing i~ pennittt'li m 

f<)rbidden !hr a corresponding 1mlumr; of the .,can .space. 

jOOOtiJ !n ,moth(:r aspect, a cmnpukr program product disclosed herein includes 

c:omputer execcn;ib!e cotk embudied on a. non-tran&itory compu,t,r readable n1ediun1 that, 

when executing on one or more computing devit:es, perform& H1e $teps of: .~tnring a sp;.,iia! 

matrix in a m.:mory. the sp;.11ial matrix storing i11fonna1iO!l tir 11 p!urali1y of voxds in ii m.ish 

ofa scan space: obtaining three-dimensional daw from an obkct ,vithin the scan spm:c using a 

&canner: id.:ntif\ing one of th,~ plurality ofvm,ds in the mesh <)f th0 sc;m space iha! is 

tmoccupied; storing an imJicahon in !.he spal.ial matrix !hr a modifi.:d processing ofd;ita from 

the one ofth.: plurnfoy of ,.·,)xds i.lrni. c()ntain~ the point. thereby id.:ntifying a prohibited 

volume 'Ni1hin !he ~can space; and pnx:e~t,ing a portion of th,, three-dimensional data i.n the 

prohibited volume according to the m()<lified processing and pn:,ccssing a second portion of 

the thn::e-di.mensional dam that is no! in the prohibited \·olum,' according to illl unniodiiied 

processi.ng. 

!00071 

to obtain thn~e~dimeMional data from an <)bj,~ct within ;i. scan spac<.:\ a memory configllred io 

;;tore u ~pmial matrix that indudes infr1rmation fof a plurality ofvoxds in a mesh ofa ;;;;an 

space; and a processor iX)nfigured to identify a point in the scan space that is 1.nmccupied, w 

slon, an indicatk1n in th,~ ;;patia! mal.rix for a modified proct:ssing of da!;l from a one oftbe 

plurnlii.y ,,fvoxds th«t contains i.he point, thereby identifying ,! prohibited ,,,·olume within the 

scan space, to process a portion of th,~ lhree-dimensimial data foai. is not in ihe prohibited 

V()lumc according 1:(, an unnwdificd pn:lCC$Sing, and to process a set<md !W!1ion ofi.he three­

dimen;;iona! dilta 1ha1 is in the prohibited volnrnc according to tilt, modified processing. 
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jllOOllj !n another aiiped, a system disd,}St~<l herein includes storing niean;; for 

Moring a spatial matTix fha1 inclmks infonnatim1 fbr a p!nrnlity ofvo:xds in a nies!J of l! snm 

space; scanning mea.1b for obtaining lhree•dimenswnal Jata from nn or:it~d wiihin !he $,'an 

space; and prntessing means for i(kntifying a point in the scan spHu~ that is unoccupied, 

sloring an indic:aticm in s1ori11g means for a rnodifi,xl prnCE'.%ing of data from a ont: oftht: 

plurality nfvoxds that ccmtains the point thereby ids::ntit:,--ing a prohibited \·olu;ne ,vithin the 

;;can ;;pac(:, prnte;;;.;ing a por,km ofihe three--dimen~ional data that .is not in the prohibited 

vo:tmm-: according to an 1.uunodifi.-:d pmc:e~~ing and prrn:cssi.ng a SE'.umd porlion ofth,:;; thr;;~­

dimcnsional da!a !hat is in !he prohibited vo!unK acc,xding to th~' modified pro,~cs.sing. 

BRIEF DESCRIPTION OF THE FIGtRES 

!{Hl09J The inwntio11 and !ht: following cktailcd de;;cripti»a ofccr!ain 

tmbndimems thereof rmiy be ,m,krstood by reforence to th,: fbllowing figure&, 

100101 fig, ! shows a dental image capture 5ystem. 

jllOt 1j Fi;?. 2 depkts a view of a us(:r interface for an image capture sysh:m. 

1oou1 
1001:~1 

fig, 3 depicts ,1 view of a user interf;c1c-e !br an image capture sy~ti:'m. 

Fig. 4 depicts a view ,,fa user interface for an image capture system during 

an acquisition ofth.ree--dime11sio11uI dMa. 

matrix. 

!00141 

100151 

jllOt{ij 

Fig. 5 ilhtstrntes a spatial matrix for us~~ in space caxving. 

fig, 6 illustrates a ray trace used to identify ,moccupkd space. 

Fig. 7 is a flow char, ofa pnxess for di&playing daw based on ;i spHtia! 

DETAILED DESCRIPTION 

jHOl7j The foliowing description rdaks t,) !lSt' of space ~~arving tcdmiques to 

improve pnx:es.sing of 1hrc(:--dimen;;i()na! d;ita ;1cquirt,d from a t!n:ee-•dirncnsinm1l ~canner. 

\Vhik the description emph,,si,:;.:,s C(llltimwus scanning ,mJ denrnl app!ica!i()ns, it will be 

appreciated that the inveni.i,,c concepts di;;d,,wd hcrd11 arc not limited to the ~pecific 

tm!x_-.,dimems disclosed. For example, the :,pace carving iedmiqus::s (kscrlbed hers::in may be 

used to improve any 1lm~,>dimen;;iona! acquisition or procx~$Sing ln which tht: tapture of 

three-dimensional data occur;; {JV~~r a period of,lnit~ su.ch ;is structured light projection, x-rny 

cornput,:;;d i:omogrnphy, optical coh@::nce tomogrnphy. inter!i.:~ronKtry. and the lih'" The 

tcchniqrn:s de;;crib-x! herein may similarly be empk)ytd in ,my thrnc"dimensional proce~sing 

environment where accuracy or lim~~ of (:ompuwtion can hendit from ihe exclusion of outlier 

data. Similarly, while the follm-ving (kscriptil,n empila~is us~~ of space carving to avoid 

pr,xe%ing known c,u.tticrs, the approach may be readily gcns::rn!iz.ed by. for cxmnpk, by 

identifying multiple objects in a scan v,,lume and exdl!ding objects that m-e not rigidly 
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:JSSi)Ciukd with a scan subject. AH such variaticrns that w,mld be apparent to one oford.in;n'y 

skill in the art arc intended to fa!! ,.vithin the scope of this disdosure. 

[00!8] In the follm.ving d,::scriptil,n, the Knn ''image" g0nernlly rnforn to a two• 

dimensional set of pixels 1'bnning u t,vo-dimensicmal l'iew of a rnbjeci within an image plane. 

The term "imagl, sd" gem:rally n:fi::rs to a set ofrdatt:d two dirnensional irnages lhat might he 

resolved into three-dimensional daw .. The term "point doud'' g0rn:raHy rden io a three­

dimensiona! s~~t ofpuims fomiing a l:!m~e-dimensiona! view of the subjett, such ;is ni.ight be 

rcccmstmc:kd from a number oftwo-dimensiorlill vic,vs. In a three-dimensional image c:aptun: 

~ysi:em. a number of such point douds nrny 111:>n be rcg:lstere<l and combined into an aggregate 

point ck,ud con&tnK'te-d fo,,m images captl.l!'t'li by, fot example, a moving camet,L Thus it will 

be understood thm pixds generally rd'er 1(i t\.vo--dimensional data and points gencr;il!y rder to 

tbn:c-dimcnsional dma, 1rnkss another meaning is spc:cifica!ly indicatt'.d or otknvisc ck,;ir 

from the context 

LOO 19] The teim::; "1hrN'.-dimensiona! su.rfl:1ce representation", ''digital s,uface 

rqm-:sentmwn", "thrne-dime11simml surfac:e map", and the hke, as Bsed hnein., m-e inkmkd to 

rnfor to any three-dimensional surface map oLm object .such a~ a point cloud of surflict~ data, 

a sci <)ftwo-dimcmional polygons, a parl.ide sysk·n1, or any other r(:ntkrabk prirnitives or 

other datu representing aH or some ofthe surface ofan objec;, HS might be obtained !hrough 

the capture and/or pnlc,~-;:.sing orthre,::-dimcnsional scan darn, imkss a difforcnt 1111::ming is 

explic'.i1ly provided or o1herwise ekar fmrn the context. 

[Ol)2(}j A ''three--din1ensional representation'' rnay include any of the ihrec-

dimtnsiom,! surface reprcsentatio,is described above, as ,vd! as volumetric, v;;.'<:.Wr, mi<l,'.w 

other representations, unkss a different meaning is explicitly provided Dr otherwise clear 

from the cun1ext. 

[00211 In general, the term~ ''render'' m "rendering" re for to a lWiHhmenskmal 

visualization ofa three--dim(:11;.;i<)nuJ obiecL such as for dlspia)_.. 011 a monitor. However, it ,viH 

be understood thm sie.1.·eosc'.opic, th.ree--d.i.mt~nsional, and other renckring technok1gies exist 

and may be u$d'u!ly empk,yed with the systems and methods disdosc'd herein to render 

objt~ct5 in three dimensions .. As such, rendering sh@!d be lnte111rded brnad!y unks& a 

mirR)wer meaning is ,~xp!icitly pr<)vided or otherwise ckar from the context 

[Ol)22] Th(~ krrn ''dental object'', ilS tJSt~d herein, is intended to rdi::~r broadly to 

subject maii:er specillc to dentistry. This may indude intrn,)ra.! stn.1cn.1rt'S sud1 as dentition. 

and more typically human t'kn1ition, ;.;u,~h a, individual teeth, quadrant::;, fo!I arches, pairs of 

ate he$ \\·hich may be separnte or in ,,mfous type$ ofocdusion, son tissue, and the like, as 

wdl bones and any oth,~r supponi.ng or sun:mmding .stnicturcs. i\$ used ht~rnin, th~~ Knn 

"intraornl structures" rcfors to both natun1l $tmdures within a mouth as d:::~cr1bcd above and 

,mi litiul siructu.1.-cs such as uny of the t'kn1a! ob_kc:ts descri~'d below that ni.ight be present in 
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th(: mouth. Dental oh_iect, irn,y indude "res!:0ration~", \Vhich may be gent,n,Hy ondentood to 

include components that restore the structure or fi.mction of existing dentition, such a,, amvns, 

bridges, veneers, inlays, onfoys, mnalgams, composites, and various :mbstnictures sud1 as 

copings and the like, as wdl aie tempt)mry rt,si.orations for us<:: whifo a pctmaneni restomtkm 

is being H1bricutcd. Dent;:t! objN:ts may also indud,' a ''prn~thesis" that repliiCt'S rkni.ition with 

removable or p;c,nnantnt si.rnctw.c:~, such ~,;; dentures, partial dentures, implants, retained 

demure:,;, and the like. Dental objects may al St) in(;fode "appfomc;;'s" used to c~,n-ect, align, or 

olh(:r-.vise ,empornrily or perm:mently adju~I dtntin(m, sud1 as remtw.ibk orthodontic 

app!iam:es. smgical stents, hni.,,ism appli:rnces, sno1c: g:wi.rds, indirect brnckd p!ac<:m.::m 

appliances, and the like, Dental objects mtty ttlf.{, include ''hardwat;;'" affixed to dc'ntition for 

an extended period, such as implant fhtures, imphmt abutments, orthodontic btackets, and 

o!h(:r orthodontic components, Dental objens may abo include "imt,rhro corr11xm.,'nis" of 

dental irmnufactmt which may nN be intraoral strm:lures ,1s descrilwd abuve, such a~ denial 

models (thH and/or partial}, v,cax-ups, investment molds, and the like, as ,vcl! as trnys, bases, 

dies, and other compon(:r1t, employed in the fohrication ofrcston,lions, prostheses, and the 

like. Dental ol~jects may he c:ltegodzed in a number ohvays. For example, d0nta! ol~i0cts may 

he categorized as natural dental objects such as the teeth, bone, and othc'r intrnornl si:ructurcs 

described above and artifidal denla! (lbjects such as ,he restorations, prnslheses, iippliances, 

hard\>,,,re, <>tld int;c,rim components of dental manufacture ,i:, dc$cribed abm10, Simi!m:!y, 

dental objects may be categorized intra()ral dental ohjecb (which may bt\ naiura! or urtifidal) 

,md ~:xtr;l<)r,1l tkr1tal objects (which are generally but not exctu:;ivdy artificiHl). 

!00231 Terms srn:h HS ''digital. dental modd", "digii,tl dental impressi,)n'' and ihe 

like, arc intended t() rcfur to three-dimensional representations of dental objecis that may be 

used in va.riou$ ,,spccts of acquisition, analysb, pi-cwriplion, and mmmfnctur;;\ tmkss a 

dilforent ntt,,ming is otherwi~e provided ,)t dear from ihe context ·forms sudi as "dental 

model.'' or "dental impre;;;.;ion" ure intended to refer to a physical 1,wdel, suc:h as a cast 

printed, 1x oHwr-.vise fahricated physicttl instance ofa denial object Unk$$ specified or 

o!h(:nvi;;e ckar from the context, the term ''modd", when used alone, may refor to either or 

bo.h of a physical modd and ,, digital model. 

!00241 Fig, l shows an image capiurx\ system, fo genernl, t!K :;ysi.,~m HlO may 

i.ndude a :;;camiH !02 thiil capttn-es images ofa subject l04 v;;iihin an hr.age plm1,' W6. and 

fr,rwards the imag;:-s to 11 Ct)rnpHtcr !08, which 1m1y include a di;;play 1 lO and one or mm\: 

u,er input d<.:'vit<.:', suc.h a, a m(m,c I !2 or a keybnard I H, 

!00251 The s(:mrner l(J2 may indude any camera or cmtit,rn syskrti suitable for 

capmrlng im;ige& from v,·hi,:h a three-dimensional point d,)ud may bx' rccov<.:~red For 

example, the scanner I 02 may employ a multi-aperture sy;;,t.:m as disckised, for exampk, 1n 

U.S. P«t, Pub. No. 20M0!55975 to Han et al. \Vhik Hart discloses one mu!ti~iipcnure 
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;;y~km. i.t will be appreeiated !hat any multi-ap,·r1:urc sy&tem suilabk, fbr reconstructing a 

ttm-:c-di.mensional. pomi doud from a number of tvvo-dim,,Jhimml imag;;;s may similarly be 

tmploycd. in<::h.iding systems with rnoving <1pcrtures, fo.ed apertures, and/or d.::d.w­

mechanically shuttered aperturns. In one multi-aperture t'mbodimeni, ihc scanner 102 may 

i.m:lwk a ph1Iali1y of apertures including a ctukr apenuK posilimwd along a ccnler opti.:a! 

axis of a lens mid any associated imaging hardware, The scannt,r !02 may aho, or instead, 

i.ndude a ~ten,oscopic, triscop.i{: or other multi--camern or other configurntion in ,vhich a 

mmibcr ofcam,,rns or opilcal paths :n·~, maintaint'.d in fixed m moving rdation 10 one a1mthff 

to obtain two-dimen-;:.iona! images ofm, nbjec!. from a number (if slightly ditforeni. 

perspectives, The scanni;::r !1)2 may indude suitable prnce;;.sing !i.:ir deriving a three­

dimen;;iona! puint doud from an im<1ge jel or a nomtK,r ofimagc sd:s, or each two-­

dimen~iom!l irnap: set may be trn11~miited i.o ;;n cx.tcrnal processor such -,s contained in (he 

computer !OS described bdow, In other embodiments, the scanner !02 may employ 

strndurcd light, la::;(:r &tanning, dired ranging (fur exampk, 1im,' of ilight in a known 

direcncm), or any c1iher technology su.imhll' fbr acquiring ihrtt:-dirn;;;nsional dam, m: !wo­

dimen&iomd data that um he n~snlvcd into thre,'-dimensi,)nnl daia, 

!002fil In one embodiment, the scanner 102 is a handheld, fr,x:ly positionable 

probe having HI !east one mer input (kvic(:, ~uch as H buuon, !ev,·r, dial, thumb ,vh,,d,. switch, 

or the !lke, fbr user con!ro{ orthe image captttr,' syskm lOO .sudi as s!Bri.ing and stopping 

scan,. ln ;in embodim(:nl, 1he :,(:armer !02 may be iihaped and sizol for dental scanning. lv!me 

particu!ar!y, the snmner may be shaped and ;;i1t,d 11.ir intrnonil scanning and data capture, 

such as by inserti.on into a mouth oran imaging subject and pas.sing the imaging plane l06 

over one or mNe intraornl structures at a suitable di~WJKe to acqtiirc surface data from teeth, 

gi1m;;, and s,i forth. The scanner l 02 may, through such a conthwous acquisition process, 

rn.p,urc a point cloud of surfo~,e data ha\'ing ~ufli.ticnt spatial rcso!lltion and mx,urno::y to 

prepare dental objet'ts such as pn:,sthctics, hardware, appliances, and the like therefn:,m, either 

dir,,ctl:y or through a variety of intermediate prnu,ssing s!eps. In other en-ibodim(:nts, surface 

data may b,, acquired from a dental model snd1 as a (kma! prosthetic, 10 ,·iwLire proper fitting 

using a previous scan of corresponding d,::-ntition. such as a tooth surface prnpared for the 

pwMhctic, 

!0027} Although no!: shown in Fig. 1. it wi!! h· apprt,dHied lfwt a ,uunber of 

:mppkmrntal lighting systems may be usefolly ernploycd dnting image capti.irt, For example, 

envir<)rimentii! illumination may ix~ enhanced with mK, or morn spotlights illuminating Hie 

subject l lU to speed i.mage acquisiti.on and imprnv,· ,kpth of field (or spatiaI reso!wion 

dep!hl. The scanner HJ2 may also, m instead, indude a sirobe, fla$h, err oth.:r light smirce to 

supplement illumination of the subject l04 during image acquisition. ln other structured light 

;;y:;;t\:m:;;. the ill.umina1ion may be in the lhmi of <1n m-ra)/ of !m;er bt,ams that form a pnttcm on 
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O!h(:r syst:::ms employ a sing{e lm,t:r bc:mi along with ,iircdiDna! infonrnition to gather point­

by,point dirnction and rnng,~ infrmrnition. All such imaging systems may h,~ usefully 

employed. i.o acquire tim,~-dirnensional data as describ,~d herein, 

!0021!! The subjeet l(l4 may be any object, colkclwn ofobjt:cls, portion ofim 

object, nr other sub_jed. mMkr. \Vhik illu,trated in Fig. I ,i, a simple geometric frwm, ihe 

subject HM m,,y include much more compkx surfaces, and any numh'r ~)f sepnra1e ekmenls, 

For ex;mipte, in a dental imaging application, the subjec1 104 may im:!ud;:; a tooth .. a quadrnnt 

of teeth, or a fuH collection oftceih including n>.;o opposing arr!Ks from which a virtmiJ 

dental impression is desired. The $Ubjeci. !04 may ah(i, or instead, indude a (knta! prnslhc$i$ 

;;uch as an inlay, u crown, many other ,kntat prosthesis, implant, or the likt:. The subj1x:1 104 

m;i.y ind:udc a drntal modd. such as :i. phstt!r casl, ,vax-up, unpression, or n;:;g:ati've 

impression of a. tooth,. i:eNh, ,oa tissue, or som,: combinmfon oftlK~$t', An optical or textured 

imaging agent may optionally be applied t(; surfuces of tJ1c subject lll4 tc, iroprove capture of 

thrct~ dim:::nsional pmn!s. In otht't embodiments, tbe sn~j;:;ct Hi4 may he a hmrnm head❖ or a 

portion ihernof, from which a 1hrce-dimensiom1! modd .may be acquired t1Jr custom fitting of 

a hearing aid, eyeglasses, goggles, or the like. In (ither embodiments, the subject 104 m.ay he a 

physical model of an object for u:;;e in digital animation, such as a rniniii!urt\ ph)/Skii! model 

for use in a three-dimensiomil. digital animation pl'tJCt'SS. From the prt'<Xding t'xamples, it will 

be apparcm that a system U$ing the tcdmique;:$ described her~'in may be suitably adapted to a 

wide ra!lge ofapplicai.ions for rclativdy short range, high resolution thrce-dimensk)nal imnge 

acquisitinn. However, Qne skilled in the art will appreciate that suitable a<.foptation$ to the 

applications based upon muiti-aperture or multi,camern systems, as ,<it'll a, other lhree­

dimensim,a! imaging systems mid iechnotogies, ;i11d all sud, variations arc LnKnded to fol! 

\.Vitllin the scope ofthis disdc,wre. 

!0029} The image plane !06 may include a tw(,-dimcmsional field of view ofihe 

sc,mner 102. ff will be appredated th;it the term "image plane'' as us<::d in thi, paragraph .. 

refors to a plane in the imaging environment rather than a pb,e within ~m optical sensor foud1 

pbne W6 rrwy, for example, form a square, a drde .. or any (iil1cr ge~)lllCtty provided by the 

scatiner l02. In genern!, the ,canner 102 will h;,ve a depth of field or range o1'<kpth resolution 

that, together wiih the ildd ot\,ie·w l06, speciHcs a m,~asun,~mt'nt voh.im<i oftlK scmrncr W2. 

The depth of field m;iy vary ,vith envimnmenml wnditions sudi as lighting (amhi.ent or 

artificial). tile texture or optical properties of the imaging subject and ~n forih. Ii will forther 

be urnforstood that ihe term "iidd <>fvinv", as used her<.:~ii; may mfor i.o a two-dimensional 

fiel.d such 115 nn intcrnnl plane within tlw optics of ;m .imaging sys,em, mi external plane such 

., 
I 
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,Vi a field in ,m im;iging ic:nvircmment or a rngion in a d.ispla:,,,.., N may refo.r i:(1 a three-­

dimi::nsiona! region such as a cnnem rneasnremt:nt ,·ol:ume in an imaging cnvinmmcnt. Thus, 

"fidd nfview" as used herein sbmild he interpreted in the brnadc~t sense possibk. rmkss a 

more sp<.:'cific meaning is c,q'llicitl:;r provided, or othcnvise dear from the context. 

The computer !{Jg may he, for t:x11niplt:, a personal computer or other 

processing device. In on,~ ernb<.)diment, the computer l()8 indudes a p<.:>rsonal computer with a 

dual 2.8GHz Opt(~rcm central prntessing unit, 2 gigabytes of rand(lm access ir,emory, ;1 

TYAN Thunder K8WE mothcrb<)ard, and a 2.50 gigabyte, H),000 qnti hard driv,'. Thi~ system 

may he ,,perntcd tt) capture apprnxinrntdy l,:500 points per image ;;ct in real time using the 

technique$ described herein, and si{1re ml aggregated point cloud ofowr one million v,int$. 

As u;,;ed herein, the tenn ''real time'' menns generally with 110 observabk latency betv<"t'en 

processing and display. In a video-b:iscd scanning sysrnm, real time n:mre ;,;pccifi.cally rcfors 

to prnccssing within the time between frame, of video dam, which may vary ,K,~>ording to 

specific video tcchm.)!ogics, but may genernlly be considered to fall bt'i:',YCt'n about ten frames 

per t(:cond and nhout thirty frames per second fbr many of the iipplications described herein. 

1\.forc gcnernl!y, proees,ing capabilitk, of the computer lOi'i may vaxy ac~>ording to the size of 

th(: subjc('.I 104, the ;,;peed of image nequisltion, mid 1hc dc;,;ircd ~.patial r,'solution ofthr(:c­

dimensional points. The rnmput(~r W8 may also include peripheral (li!vices such as a 

ke:yboard l 14, display l HJ, and mouse 112 for user inkrnd:ion ·witb t!K~ camern system mo 
The display I HJ rmry be a touch snc<.:fl di,play capable ofrecdvl11g us,'r input ihrough direct, 

physical interaction ,vith th(~ display l .in. 

100:n1 Corninunications between the compnter lOl\ and tlw ;;canner !02 may use 

any suitable rnmmunicati()ns !ink including, for example, a ,vircd connection c,r a ,virckss 

comlection based upon. for c,mmpk, IEEE 802 l I (also known as wireless Ethemei), 

BlueTootll, or any o,h,~r suitable wirdess standard using, f,x example, a md.io frequen,~y, 

infrarnd, ultr;isound or other ,.virdess commrmicafam nwdium, hi nwdica! imaging or other 

~en,;itive ,,pp!ications, wireless image transrnisskm from the scanner !02 to the computer Hl6 

ma)' he seemed. The comptiter l 08 may generate control $1gnals to the seam1t'r l 02 which, in 

addition to image acquisition command,, may include conv~>ntiomil nunera conirols such as 

focu,; or zo(lm, 

!0032} 

syst;;,m 100, the scanner l02 may «('.quire 1wn-dimemk,na! image &ct\s at a video. rntc while tbi: 

,;canner 102 i~ passed over a ,urfoce ofi.hc ,ubjcct. The two-dimcnslorn11 imHg,~ ,,its may be 

forwarded lo the compukr l 08 frir derivation ofthrce-dirnensi(ln,1! pdnl cluuds. The three-­

dimensional dala. fi:ir each newly «('.quirnd tv<'o-dime11si011,1l image s<.:'t may h,' ckrivcd and 

fitt,.xi or "stitche.d'' to existing tlm:e-dimcnsion:i.! dalil using a number ofdifk~rcnt techniques. 

One uscfi.il example of such a technique is described in 0omm(mly-ov,med U.S, App, No, 
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I l/270. l 35, filed on Novemb(~r 9, 200. However, i, wHI he appiuciated thiil !his ,'xampk is 

not hmiti.ng, ;ind that the princ.i.pk~ described herdn may he applied io a wide rm1ge of three­

dirnens ional image cirptun:: systems. It will also be understood that terms such ,1s "vid;;.'{)'' or 

"video rnte" imply a wick rnngc ofpoi>sibk frame rates ass(idat;;'d wiih such video. \Vhik 

mos! modHn video formms empkly ii frame rate of 2 5 to 3 0 fram,'s per St~C(lnd, early video 

employed frnrne rates as low a, 8 thunes per ,econd, and movies of the early l 900's varied 

from l 2 10 18 frames per :;;,xond. ln addition, it is common for specializ,'d imaging equipment 

to employ a rn,e mhpied 1:o the compumtional dema:mls ofpartirn!ar nn;,ging and rt•mkring 

techniques, and some video systerns operate with frame rates any ... vhern fmm 4 framc& per 

s(:wnd (for computa1ion;il.ly (~:>:tensive imaging systems} t(l Hlll frair,es per second or higher 

(fot high,spccd video systems). As used herein, ihe tern,s video rate ,md fnmw rnte should be 

inkrpreh:d bmadly. Notv<"ilhstanding this bmad rneaning, it is noted tha! useful and visually 

pleasing thrnc,dimensiomil imaging system., have been constructed according to t!K~ fbrcg<)ing 

with frame rates of at !east ten frames per scc~1nd, frame mies of at least t>'<'c'nty frarnes per 

;;econd. and frame rates between 25 and 30 frames per sec(lnd. 

100331 

mul.tiapcrturc camera ,yslem;,;, to derive ihrN:-dimefoiorml data frum n,io--dhT!t\nsional video 

image sets rm;:y dep<..~nd in purl on an ability to c;,;wblish correspond,'nce of surface points 

bet\veen inmge pairs for triplets, and so on). The process of estabfo,hing poim 

c:mT<i',pondcnccs may be improved by id(:miiying, within tht\ proCt\s;;i.ng system, unique 

fcatutes ofi.hc smfai:::e upon which C,)fftsp,)tideni:::e may be based. In certain a;;,p;;'i:::ts, 

distinguishing features of teeth at varying levels of Mtail may b~~ cmployt\d to e11hm1,x~ this 

process. However, this process depends ,m an ability t() focate such distinguishable foanm~s. 

The ptO(:C$S ,)f establishing point correspondenc0es may also, or instead, be enhanced by the 

addition of op!lcaily det.e<ctabk foatures thcrctl), whicb may be ,is simple as artiflci:iJ blat'.k 

dois distributed over a white (Jr rdativdy light surfact\ ln a dental context, this may be 

achieved with a spray, p<:n•,cckr, m,)ui.h rinse, or the !ih' that distributes optically detectable 

rn;1tter atros:;; the ,kritili.on or other denial object to be scanned. By randomly distfib;iting such 

snmll, diqingui~habk dNs acmss ti1c surface, the likelihood ofloc«ting di;;.tingm$hahk 

fi.:'aturns in a pani.cular image ,ct may be signific;1ntly imprnvx~d, thrn; improving i.he speed 

,md ac:cm,1ey of the on~rnll 1hme--d.i.mcnsimwl data acquisition proet\SS. 

!00341 Frnm time to time in contilmous or lncrem~~nw.! data m;quisiti,)11 systems, 

the flt!lng or st.itch bctwex~n tv.;~) frame, may foH for reasons des,:tib<.:\d in gr,~ater deuil below 

In such sitti;:ttions, a user may b() notified through visual foedbiick i.hm a recover mode has 

been cnter~'d. In the recover ,node, the \ystern 100 may seek to n::a,:;quire the pr.::vious scan by 

test H!ting n<.:'w sc:an darn!~) previously acqui.rnd data, and providing visual foedback to a usff 

IO assist in navigming batk 10 a scan location on the subject whert\ !he re--acquisition is being 
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attempted. In a rdmcd landing mode, a u&~:r may aHt,mpt to initiate a new scan registered m 

conncded 10 an t:x i&ting thrt:l,-dim1msional modcL Sinn!ar vi&ual ft-cdba.:k 100!.s may bt, 

provided ,o guide a user 10 an appropriate scan l0<.,ati,)n, and nmi(y a user \Vhen ihe .,,,an has 

been reacquired. These techniques ttrc described in greater demi! in commonly-owrwd U.S. 

/\pp, No. ! l(l83,623, fibl on I\-fay l6, 2il06. Oth;;r suiiabk t;;chniqBcs rnay bt: crnploycd for 

navigation, rnn1r0Hing scan quality, analyzing -,,,amied ~ubjcci mattt,r, and manipulating 

scanned modds, various embodiments ~)fwhich arc described in greatc'r deiail below. 

!00351 The (foplay l li.l may indude any display· suiiahle for video or other r;ite 

rendering at a !evd or dd:ail corresponding to I.he acquired dnta or a n2-nd0rnd VN'>ion of the 

acquired data. Suiiabk displays include cathode rny tube displays, liquid crystal dispfays, 

light emitting diode di$pl«ys, pliisma displays, and the like. ln some embodiments, the display 

rn;1y indwk a touch streen interfac~, u~ing. for exmnpk capacitive, resistive, or surface 

acousti<.: V>'Hve (11!se> refrrred to lh dispersive signal} touch screen tedumlogies, tX any odier 

suitable kdmology for ~t~nsing phy~ic,il interartion v,1i1h the displ11y l W. ln addition, ,vheR, 

thrcc-dim,-:nswna! vi.sualiza1ion is desired, the displliy :t lO may inc!1idc a tlmx,-ditrn'.nsirnm! 

display using a ,vide varieiy oftedmiqm:s indu.ding stereo pair imaging, hnlogrnphic 

imaging, and multiplanar or volumetric inmging, each v_.-ith a numbt\r ofrcnd.ering modali.!it,:, 

that may be usefully e.mployed with the ;;y~tems described herein. 

100361 

user inkrface 200 may include a windo\v 202 n,mkrnd on a moni1or such HS the displuy l Hl 

of Fig. l. Withi.n the wind<:>\'-' 202, a video .image may· be displayed indud.ing a mt~arnrenien! 

volume of a -;:canner,. such a, the image plane l06 of the sramK'r HE or Fig. I. Within the 

field of vi(:w or measurement volume, a \·ide(l <)r 01her image t)f a subitx,t such as the subjt,cl 

!04 <)!'Fig. I may be !foplayed. However, as depicted in Fig. 2. no irmi.ge acquisition steps 

ham been initiated, ~c, the windtW<" 202 J)::-mains blank cxr~,pt for various ,,ontrols 1;,vhich will 

be described bck,w. 

!0037} Scanning contrd& may include, for 0xampk\ ,1 scnri cont-ml 204, a pause 

contn.,I 206, a ~top contn:,I 208, a cleat control 2 W, a save control 2 l 2., and a retrieve control 

2 l 4. The scan control 204 may initiate a thrce-dmK~nsiom1l s,,,~n. Th.: pause t,oni.ro! 2{!6 may 

temporarily distontinuc a scan in a mann,~r that permits subs.:qu.int r.:;k,q,1isition ofa 

conhrmou~ scanning process, The paused sean may exhibit a nurtiber of visual propt~r!ies. For 

example, the video image may be frozen, or the video image may continue to di&play tunent 

vid~~) infrm11.atim1 while a puin1 cloud or oihcr snm data remains fmzcn, ;}r the screen may go 

entirely blank, or some combinmion of!hese, aH according to ust,r prdi:~rences or a particular 

implementation. In genern!, a paused scan may R~ma.in acfo,~, so that a u5er may rnsume ihe 

scan. By (:(mtrast, if a user activate;; the $top control 208, the scan may be terminated, such 

that a user W()uld bav.: to retrieve the scan, such a& usi11g the reirit've C(mtrol 214 in o-rdcr to 
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C<)fltimK adding data thereto. The save control 2 12 may store ii scan and any r,'lillt'd diil:a for 

sub~t'quen1 use. These controls may op,~rnte as buttons that a user activates to perform !he 

indkated fonction, such as ihrnugh a mouse dick or, where t!K display I H.> is a touchs,~nx~n. 

by di.met pby~ical interaction with !he display l H)_ It will b,' appr,~ciii!.,~d that acfrvation of the 

control may create a pop-up window, o.r _provide drup down lists, rndio buuons, text input 

field-,, and any other ,:onlroh :,miuibk f1.)r parmnNt'ri:dng the panicular sekction. Thus for 

example, where a user activ,,tes the save comwl 212, a tcxl box may appear for a uset to enter 

a filename, dw~ctory or path information. and ,he like for savmg any n:bttd dBta. Nurnenms 

techniqu¢-;;. for orgwnizing us.::r interfhcc~ and providing comrnh ,vhhin a u~er interface are 

kno,vn in Hie art, and may he suiwbly adapted to the interface 200 d.escrib{;Cd herdn. 

!0038} A number of navigation controls may bt'provided, such HS a -zoom out 

control 216, a zoom in ccmtrnl 2lS. a zomn irnlicatDr 220, a rn!ate control 222, a pan contml 

224. MKi a reset contrnl 221i .. These controls may be used w vie,v an acquirt'd three­

dhnensional representation after a s,:an has been complt)ted or, \'1,·here. a pause/resume foi1ture 

is provided, during a sc;m_ The reset C{mtrol 226 rnay, for example, restore a vie\v of ii three­

dim,m-,.ional r0pre-,.enlation to a global coon.Jinat~~ sy-,.tem, <:1r to a mosi recent vimv from 

v_.-hich dma wa~ acquirt!d during u scan. 

!00391 .-·\ nu.mber ofnmge finding \·ismil.i-zmicms may aho be included thut provide 

vis@! cnes related to one m rnore scanning paramNe1:; ofan image captui-e :;rte;n, Thes,t 

visualizations rmiy be rendered in real time, for exampk, at the vi(ko m!c' of the image~ 

capnJ.re syskm, 10 pmvide real 1.i.nie user feedback and guidance ,vi!h r,~spect to proper 

orientmion and p.:lsitioning of a scanner during a s,~,:tn. The user feedback may improve th;;; 

quul.ity und speed of da.u acquisition, partin1larl:y during c;mtimwu~ scanning opt\n1!.h.ms ihat 

acquire a fbll thrne--dimensional re_pre~entation of a subject as a sequ.,'nce of:fitied three-­

dimensiornil -,.urfoc;;; smnpk~. These visual. cues may be pmilcuhwly m;eful in conii11ucms 

three--dimen&ional darn acquisili<)n ;,;y;.;1,~ms bas;;d upon camera mNion i%timati,m o-r ~imilar 

techniques, tn such techniques, iecquential frames of data are r;;'gi$!ered k) one anothet using 

various processing techniques wch as those described in commonly (iwned CLS. App. No, 

! l/270, !35, fikd on November 9, 2005. This works wd! prcwid;;;d three-dimensional data can 

be succes~fully resolved from each scq\leni.ial frame (if imag¢ data, and there i;;. suffii;iently 

small displacem.em of the scanner !.hill th,~ 1.bia from sequential frmnes overh,p~ in thn'e­

dim,m-,.ional ;;pa.c,~. !·!mvever, when this "sti.ching" of sequential frames is losi, such 3.$ du,~ to 

an operntor moving ou!;;ide the prop<.:~r s,:anning disi;ince, it ca.n he v,~ry dinicult i.o recover 

the continuous acquisition. V.i,w11.iza1.ion tools !hat guidt\ H user to\vard maintaining proper 

scanning di,tance advant,ig¢ously promote ;l c,mtinuous. unintennpted acquisition ofthree­

diml"nsional data for an 0111in: surface 1)finter0~t. 
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!0040} For (:x;i.mpk, within a window 230 that shows a cum·m! vid,'(1 image frmri 

the image p{anc l{)f., of 1hc sc:rnncr !02 (which is bhmk in Fig. 2, as Hw systc1:n has not srnn;;;d 

a scan). a volume 232 of space, such as the box depiciecl in Fig. 2, f<.w,vh.ich quality scan d,ita 

c,m ht' c,,phmxl may be depicted in perspective. Thi, volume 232 rendered within the imaging 

span: may assist a U$ef in positioning subject mattl,r within !ht: ,·i,k-o imag;;; appwpriatdy for 

data acquisition, In addition, sliders 234 may be anilm1ted along z-axis edge~ t)fthe volunw 

232 to indicat(: a dhtmKic: of points ofthn:.e.--dimcnsicma! daw acmally being acquired. This 

nrn:y he hased mi. for example, ;i m.ean distance of sorn,' or al! ofth,, points, a d.isHrnc,' ofa 

central point, a range of di~tancc~ for aU or some of the point&, or a distanc:t' of a point al .:adi 

re;;p<.x:1iw: comer of th(: volume 232. su(:h that ,he sliders 2}4 may nKWt> indc0'ndcntly from 

one another during a scan. Di~t1mce calculation,; may he based on a cum:mt frame ofimagl! 

da!a, tha! i~, tbc mos1 reccrul:y acquired data ~d, or an av;;;rnge ofa pn:detennincd irnrnber of 

immediatdy prior data ,ets, or upon all thn~e-dimrnsiona! poims ofilw tbrec-dimensimw.! 

surfoce r(:pr(!S(mtation foHing ,.viihin ihe volume 432 without regard Io whc:n !hey were 

;1cquimd. 

100411 .A.s another exmnpk, ;l dynamic object 236 such a;; a sphere t)r bulh.:ye 

may be rendered in rJ1e center of the window 230. The dynamic object 236 may also, or 

instead, b(: po:;;iticmed M another location withi.n the window; how,,vcr positioning th,' 

dynamic ol1jcct 236 within the center of the window 230 ,1dvamageo1.1~!y pennits a user w 

mceivc visual feedback from !ht: dynamic ()bjecl 236 \vi1hou.t looking nway from Cllmmt 

video ofthc $Ubjl!ci. being scanned . 

100421 . A nuinbcr of u-,.dhl animmions may he provided by the dynamic t)bject 236 

to give user foedlmck to an opennor ofihe image capture system !00. In un,' hr,pkrm:n!.ation, 

the dynamic object 236 may be tm aninwkxl bufacye that is c(ilor-rnded i(i provide distance 

infom1,ition. Th" bullseye may, for example be rendered as concentric ri.ngs of dirti:,rent 

colors, stich as red, white, and blue, with the central color filling th;;' (mtire bullseye when a 

subject i-,. prupcrly di,;;tanct'd fro.m the scmin(~r. \Vhen !he ,;;cann,'r mcw,,s too far from th,' 

subj(:(:t, ;ired ring nrny fomi around the ,vhite d:x.,k filling a gre.Hkr portion oftf1e bullwye as 

the scanner moves farther from a subject until the entire bulbeye i,; wmpktdy red. 

C()nversdy, \\·hen the scanner nwves too dose to a subject, a blue circle may appear within 

the center of the white circle and grow in sin~ us the ,cmmer moves fmther from the subJed 

uni:il the entire circle is blue, In this manner, a nscr may receive continuous fc.:dba.:k with 

respect t,, scan di5tancc - a gn:nving blue centrn! drde ,1s lll<: scanner moves ioo close\ and ,m 

(:ngulfing red ring when as 1he semrner mov(~S too far away - so that !.he SG1m1,,r may m;iimain 

il prnp;:,r di,tanc" from th,~ subj;:,<ct for conl:irmnu, 1wquisitio11 ofthree-dimensiomi1 data in a 

thre-e•diml'On,-imia! n;:p1,:::sentmi{m nf th,~ ,ubje<ct. One useful modd fbr 1·cndning such ;i 

dynamic hu!l$C)"l! empk)ys three C(H1xial cone~ of different colon,, whern the buHs;;'ye render$ 
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;1 planar cro;;;,;_.scction ofthe three C{Hlxial cones perpendicular to the common axis, and ;it a 

poinl along the c:mnmcm axis sckc:,cd a<:c:ording 10 rda!wc range from the subject. 

10043_1 In armthcr example of imimation, three concentric rings m,,y be 

continuously dbph,ycd within iJK bullseye, with lhe rndii.;1;~ of each ring independently 

controlled in proportion to the number ofpoints that are too c](l;;e, pror,~rly distanced, and too 

far. [n another po-;:sible animation, the center ring (a drde) may mm'<.:' v,,ithin the bullst\yc 

\Vith m1 ofl':;;et corresponding 10 an x-y displacement in the field (lfvkw or me,1~m:ement 

volume of a rngion ofthc snrfrtc:e having !ht: grt:atest density nfpoims al a iargd, or ;ksirn.blc, 

scanning di,tance. Of course, it will be ,1pptcciated that tlw sekction of colors for such 

animations i5 ;;omewhut arbitrary, Hlthot1gh $ignificant contras!. in hue or intensity may assist 

,1 ust:r in recugnizing d<:'vimiom :fr()tn an optimal scan diswnc:e. 

!00441 Other visua! ,lies and/or rnel,1phors may ab(\ or insk'ad, b,' employed, such 

as a visu\1!ization t)fa plane passing thrnugh a 5pherc:, active di~t,mce bars, anim,,ted tc:>.:t, or 

oiht:r vbua!.izmion,, any of which may provide animated, visual fomiback bas,'d on, fbr 

example, mean distance, center distun(:c, or some o!her me;ric that can ht~ dm"ived from 

scanner output !\-fore genern!ly: visual (:ucs m.ay prnvide foedb,Kk concerning any ,,~arming 

par;mwkr such as depth of<)plimal data acqui$itinn, width oflfokl ol'vie\v, rak ol'tmvd Dr 

yu\v ofthe scanner !02, densiry ofduta acquisition, and so fbrth, as 1>veH as various 

cornbinatiom oftlie~c, These visu:l! cues may provide grndnated feedback to assist a user in 

maintaining pmper snm distance, und to inform a user when n scan has bt'cn lost. 

!0045} 

ahsinicted dn,wing shows \l window 302 ofihe ,iscr interface 30{}, which rnay be, for 

example, the; window 230 of Fig. 2, without the visual cues described th1;rdn. The windc,w 

302 may indude ,, \,'idco image from a point ofvicv>' ofa scanner such «s the image plane W6 

of the scmmer !02 desaibNI above ;vith reforcn,x~ 1.o Fig. L Within the window 302, tlw 

vitko inwgc may indnde a subject 304, As depicted in Fig. 3 pmd no!. b)· way oflimitationi, 

th(: subject 304 is a sknrkr (:ylinder extended. from a near end 30/i rdmivdy dose to the 

scarnl(:r t<) u di;;!;mt end 308 rdm.i.vely far from I.he scanner, Dtttfog a continuous surface ~can 

of the subject 304, three-dimensional surfocc thta may have beM acquir1:'d, as indicaKd 

grneraJ!y by x's, o'~, and encircled +'s, Within the ,, .. indov, .. 302, the three-dimensional 

siii-foce st,m 1m1:y be r\:mkred from the point ofvie\:v of the scmmer, along with shmiing or 

other visu,d cffocts to indicate shape and surf:c,ce contours, The rendaed three-dimensional 

surf:c,ce &tan may be superimposed in a regi$tered fashion directly over the vid;;.~ inrnge (m 

conversdy, Hw video image may be superimposed on the rendt'red ihrec-dimcnsiona! 

surface). This superposition a!one prnvidcs significant user informmimi, such as \Vhai. ~!lrface 

regions ~)fthc sul~ject 304 have been scanned. In addition, !.he rendered thrnc-dim,~nsi,)mil 

surface scan may be color-coded or othcrwhe rendered to provide c~1!or information 
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concerning, for exa.mpk, \Vhat region is currently being scanned in ,he continuous data 

acquisition process, what regions are too dose to ac:quin:; scan dam from, what regions are at a 

proper di5tance fi.)t acquisition of surface data, mid what regions arc too far for surface data. 

For example, if points ~">n 1:,t near the nt'l.1.r end 306 of the subject 3(14 arc too dose to a£quir<.:.' 

;;can daw •· these puinh Hre .i.ndic,ned in F.i.~. 3 as x's - tht~Y 1nay be rendertxi in a firs! color. 

Points at mi optimal scanning di":'.h1nce - indicated in hg. 3 fis o's - may be rendered in a 

second color. Points too d.is!Hnc,~ for ucqu.isi,ion ofthr,'e-dimensional data .. ind.kilted in Fig. 

3 ;3s encirded -0-'::; .. may be rendered in a ,hird color. Ofcom::;;t.\ this distance information may 

not bt directly relevant because the rendered points have already been acquired in three­

dimensional space. 1-fowi!Vt:r, this color (:Oding ofthc surface ofthc sul~ject .304, ilS rendered 

through the ucqui.red three-dimensional digital wrfac:e represenWtion, may provide useH:il 

information 10 a user rn1K,erni11g the distmK,e oflht: subjE'.tl 304. particul!JTly v1,ith respect to 

regions ofihc subject 304 that have not yet been scanned. 

100461 It will be appreciated that, whik' only a d(Jzen or so points have been drnwn 

in Fig, 3. a prac1ic:al imag,: eap1urc systcm for use in dentistry and similar appli.:atinn~ may 

require spatial. n,-;:olution on the order of i 00 microns or less for suffici011! ddail io fobri,~aw 

properly fitting dental objects. As such, the acnml point cloud acquirc'd by the imagt.' capture 

system for a subject such as a dental arch may contain thousands, tem ofthousands, hundreds 

ofthou~m1ds, cir millions ofin,frvidu,1! three-dimensional poims, or rnori:'. \Vhik the small 

number ()fp(,ints illustrated in Fig. 3 is intended to a%ist in t'xplaining the nature ofa point 

Ck)ud dbtribui.ion and vari()uS rendering technique$ applicable ihercto with refon.mce to the 

specific points shown (the x's, o's, and encirded x's), the larger number of points avnl!abk in 

a typical scan can provide signific;mtly imprO\·,'d visualization ofsurfoCt\ c.imtnurs and the 

!ikt'S. H should als,) be appreciated that the points used to render the digital surfo>.'e 

rerresentatwn for disptay may indude a subset ol'pmnts in a foll point doud of acquired 

three--dimt~nsional data, with the demity ot'points sdected according io any suitable desig11 

parameters i.ncluding proc,~s~ing/n~m.'kring sp,eed, need for tontour l'isunliziltion, and the like. 

it will also be understood that thc data in the !hree--dinit~n&iomil scan may be intt\rna!ly 

repn::5cnted as points, partide systems, vector~, nr any other ~uitable n::pre~e!l!atfon. Thus, 

,vhilc the data may be rendered a$ a point doud (if any desired den~lty, this may <W may not 

corresp<)nd to the int\!mal representation or ~can daw. Frn,lwr, the rendering m;iy t\n-iploy 

techniques other than p<)int rendering, such as ;J polygonal mesh (ir t!K' like, with suitable 

adapi.atlons to the techniqt.es de~cribed above for vrsnallz.ing range, ~can quality, and the like. 

100471 It wi!I be appreciated that the capability of capturing highly detailed models 

of dental object-;:, and in panicu!ar, the capability ofcap1uring highly d-ctaikd digital surfa,'e 

rnpn,,~<.".nt;itions of ,fontitk1n dire-ctly· from an intniornl scan, enabks mi arm)·· ofsubst~qlit~n! 
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pmcessing steps that may bt~ useful 10 tk:ntish, denwl !ahon,tory technicians, ora! ;;;u'ge{lns, 

and the like. A. number of such app!icati(m.s ilr<:: now described in gi:t:ater ddaiL 

100481 The ernlxidiments 1k:-.cribed in reference to fig, 2 and Fig. 3 emphasize the 

use ofan interfoct~ ihm displayii ;i subject from a point ofvit~w of the ;;canner. ffowcvcr it will 

be understood thm altenMtive modds may be used, rndi as mi. inkrfo.ce that renders acquired 

dai:a from a fixed point ofvicvi within a global conrdinme system. fo an approach employing 

a fixed point of view, the gt~nernHy visuali:r.a,ion &trnit~gy may change, such ;is hy providing 

eontinm:s feedback as io ihe position of ,he sc:JJaK:r n:latiVE'. to th;;: subjc,.'l. HowE'.H:r, the 

visual cues described abDve may gen,::rnlly be adapted t,) such Bn Mviromnent. err other 

envin:,nments, in a number of ways as will b;:- readily appnitiatt'd by one of skill in the mt 

!0049} !n general, H system as des.cribix! hen:in may have a number of operating 

modes, snc:h as a file management modc, a modd editing mod;;:, a modd cvalnation and/or 

analysis mode, a scanning mode, and so fi:mb. Two such modes are described with re&pect to 

Figs. 4 and 5 below, which show a scanning mode and an evaluatkm mode respectively. 

!0050} Fi;?. 4 dep.i.ds a view of a us(:r interface for an image capture system during: 

an acquisition ofthrec~dim.,~n~ionaJ dma. The U'>t~r interfoet~ 40(l may indude a window 402 

including rang;(:-finding visual cues 4H4, 406, all a;; gent\rnHy (kscrihed <1lxwe. \Vii.hin !he 

window 402, a video image may he disp!aytx!, such as a video image from a cun::0nt point of 

view ofa sc,,nncc such as the scanner HJ2 described above, A$ depicted, the video image 

may indrnk a plurality of ,eeth 410 and oihcr intraonil &trueture;; visihte during an intraornl 

~tan, h will be noted that iJ1ree-dimensional point$ acquired from the surfoce, ihat h, tht' 

cm,er11 digiti!l surface repn:~entaii.on, in;1y be rendered ,vitbin the user intt:rface 400. and 

more particularly, may be rendered from the point ofvkw of the 5c,mrwr and superimpo5ed 

1.)n the current videt, image. Alth,wgh not depicted, it will he understood ihat in other 

embodiments, the curn::n. digital surface rcprCt,(:tltation may be rendered from a tixed point or 

view. 

!0051} !n addition I:{) pt~r.mit,ing vistml cnh,im:ements sudi as contour shading and 

fi:~ature emphasis, the rendering may phwidc specific fot'dback to a user concerning ilw 

current scan, Fm cxmnpk, regions km do~c for eapinre of scan data may include previi)l!&!y 

a,:(jtiired points, which may b,: rendered in the ,vindow 402 ·with a styk <ir color that indicatt~s 

their relative proximity it, the scanner, Conversely, regim1s ofthe intraornl siructures too for 

for capture may also, or inst<::,1d, include pro:viously acquired poinh, which may be rendo:m::d 

in the window 402 with a style or a color that indicates their rdMih' distance fn:,m ihc 

scanner. As IW\\· surfae;:- dllt,, is acquired and added to the digital surface tepreseniation, the 

new point data may concum:ntly, or in real time ,.x neBx real iJ.me. be add"~d tu the rendered 

view ofth~~ digital surfa,ce representa!.ion. In ihis m;inncr, a usx~r m;iy receive ·immediate vi$ual 

feed.back, such as the density of rendered points <H' relative fincness/com-seness ofa polygonal 
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mesh, with respect to whether data i;; being succt~ssful m::quil'ed from sauflctci;;; visible within 

tbc \Vimicnv 402. Tins infomrntion may indica1e gaps in sudihx: data so that a usrr can back 

up and rescan -;:.urfoc,~-;:. oflhe subjed f",'lr which data has not he.in capn.irt',t m ilir which 

inadequate or defoctivc dilt,1 has been captured. This foedback may in par! How di-rect!y from 

the process of rendering an in{:reasing number of points wi;hin the \vindow as ne\v surface 

data is acquinxL The visual focdbm::k may also. or instead, be suppkrnenk·<l by rendedng 

points \\·iil1 a density in the window 402 specifically sdected to communicate to a user 

whNher mkquate data has been a(:quin:d from v;,.-i,hin !he cun'ent vk\v. \Vhik sp1x~ilk 

foedbm:k t~xmnpks arc nnted above, it will bnmdcrsioo<l that more generally, numerous and 

various uses ofbtightness, texture, sht1ding, color, and.:'or rendered point d()ud density, or the 

like may be employed 10 pmvide vi:-;ual f1:x,dba('.k to a user ccmccming scan quality, detail, and 

the like. 

IH052! The visual metaphnr may be one of spray painting t!it' vid.:o image \Vith a 

shaded surface map ris points arc acquired. The point ckiud of the digital surface. 

representation (or other repn,s,,n1atio11) may b..: rE'.ntkred as a growing cnnstd!ation ofpoints 

that fonn& over 1hc vitko -;:.ubjcd m;1tter as d;1ta is acquired .. Rt'gi<:ins for which a target point 

density has been achieved may, for exampk appear as continuous su;-faces, whik regions 

with inadequute surface duta may bt: rendered as discrd.e point; having visible gaps 

thercbetw,X'n, ·which gaps mil)' be vari.cd in sib: according i.o, for example, tht~ d~~n,ity of 

point data in the underlying digii;i! smfoce reprt\St\fll;Jtion. As mK)th(:r exarnpl,\ points muy be 

rendered as uniformly spaced surface points, which may be color coded according to density 

of p,)int datil in ,he underlying digital surfocc rcpresentatimL 

In certain embodiments, the acquired digital model may be compared to a 

stuhstkal, sp;itinl., or O!her modd of expeckd shapt\S rdel'an; to denhstry (or other objects, 

for notHknrnl app!irntions}, using know rnachine vision and ot1Kr tcdiniques. This may 

include relatively subtle variations such as uncxpt'cted tooth ccmt<mrs, ihidme%eS, or the like, 

,Vi we!! as gross deviations that a1,2 likely a resn!t of user or equipment malfunction or loss of 

scan darn .. \Vhere deviations fo:,m expectalit:,nc; arc detected, these may be visually identified 

within the window 402 ihrnugh use of rnlor, shading, and 01her cu0s and annotai.ions 

described generally ab()vc. Thus, algorithmically um:xp<:ctcd scan n.:.~suhs may be immediatdy 

flagged during ;i S{:Hn for any suituble human imt~fv,•n!.ion (which nwy, of course, be none 

\Yhere the une>;pedcd foatnre is known by the Qpaaior to actua.lly be prcscm), 

IU054J 

the description now turns to use c,fspace carving to imptow p1\icessing mid dispby ofthree-, 

dimensional daliL 

!00551 
spatial matrix 5{)0 may indude a number of cells $02, ench sioring infonxiation related to a 
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voxd in a se,m vo!un1e, In one aiiped, each cell .502 may store a binary nag that i.ndica!es 

whether the CO!Tt:sponding voxd is pcrrnit,cd or forbidden for pmcE'.%inir This appmach 

advantageously provides a corn:pact memory n::pre~entation of car.'t'd space, h(!wcver it 'Will 

be readily appreciilted that ()ther representations of this information may ab(! or instead be 

employed, and that additional infbrmation may be im:lu(kd in the spatial matrix ~uch .is any 

inform'1tion llmt might be usefolly stored on II voxd-by-voxel basis for the Vt)lurne in which 

an ()bject is being $Canned, It will also be apprt'Ciated that while th;;' spnti,il matrix 500 1$ 

depickd as u three-dimensional sl:rucHJ.re that maps to the volume ofa scan space, no such 

physical wuctun: is required, 

!00561 The spatiuI matrix 500 may include any nicmory or combination of 

iiwmories cupabk of storing and retrieving inlhnnation according to voxds within the scan 

~pace, and a!l ~uch vaxi:rtions that ',vou!d be apparcnl to one of ordinary skill in the art an: 

inkntkd i:o fol! within the ,cop;;, of this invention. The ~pmial matrix 500 may ddine a mesh 

of voxeb !Iw1 1oge1her :form ihe scan volum('. <:ir 'S('.H!l space in whi;;;h daw is processed as 

generally described below. !n this respect, i, will be readily appn:da!i:d !hat whik the spatial 

matrix 500 depicted in Fig.. 5 corn::spt)nds to a cubic w,h11n.::, any shape or ~ii'.e of Vt)lume may 

be ~uimb!y empk,ycd according to the shape andior size c,fan (1bject that is being scanned, a 

processing mesh used for ihrec .. dimension;i! recow,tn:ic:tion, or any other factors. Thus in one 

aspect, the mesh ofihe scan sp{lCe l$ subdivided lnto voxcls having a sub;;.tantially cubic 

shape. The substantially cubic shape may measme about 250 micr<ms on each cdgc (that is, a 

250 x 250 x 250 mi(T(m cuhe for ead1 voxd) or any other suiiahlc ~i:w according to desired 

resolution, processing capabihtks, and ,o fortlt ln <)iK as{Kd, t1K spntial matrix 500 may 

i.ndude a binary lhg for each one of1he pluraliiy ~)rvoxds that indicHi.cs ,vhei.her processing 

i~ permitted (fix example, unmodified) or forbidden (fbr example, modified) for a vo!1.1mc of 

1he ,;:can ,;:pace. 

!00571 fig, 6 illustrates a ray trace used to identify lmocrnpied space, Dudng a 

scan such as any of the scans described above, a scairner 602 such as any of the $C,im,ers 

described above may be p,,sscd over an ,,bject 604 ,,,ithin a sc,m sp,ice 606 to acquire threc­

dimcnsionat dam. \Vhite depicted t'>rn-dimensiomil!y, ii will b~- understood that the scan spHCl~ 

606 woutd ge.nernlly be a tfm::c-dimc11sio11al volume. Given a position of ihe scanner 602 and 

the object 604, one or more mys -- straight line~ passing through the scan space 6fl6 - niay he 

ddermin.::d such as a fir,-t ray 608 that intersects a surfoc;;, of the object 604 and a seumd ray 

61() th;lt do;;,s not ink,rsect a &urfoc,, oflhe object 604. With th,, sc;m space 606 divided into a 

V(llumetric mesh Hi.'Cotding t() the spatial m,,lrix described nb<,ve, al! of the voxefa that each 

my 608, 610 passes through can be determined, m,d more particularly, cad, unoccupied ,me 

of the voxds in the mesh can be identified, Each tmoccupied one ofihe V(ixds may he 

flagged i.n the :;;patial matrix <15 prohibited using, !br example, a binary tbg or any o!her 
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;;uiwbk identifier. fo this manna, vo:>:eb that are h10wn to be unoccupied at some time 

dming the scan cmi be mark~,d for modifa,d pHX:E'.Ssing and difforentiaHy proc,:;:ss,xl during a 

scan., all as generally contemplated bdow, 

100581 It wiU be appreciated th,,t nmnenms variations arc possible. Fo·r exampk, " 

murgi.n armmd the suriiic~, of the object may be prodded in which voxel;; cannot be flugged 

i<..)r difforential processing This may be b,t~ed 011 disiamx from tht, surface, or on a number of 

;;urrorn1ding vo:>:eb that Hre murked for differential processing, or on the aciual number of 

points ofthrt'.e-dimcnsimml dam m:,1uired w1thin a voxd ol'tht, mesh, and so forth, as ,vdl as 

combinati,ms of1he foregoing. In anotfit,r asp1xL a threshold may be provided !1.)r a minimum 

number ofrnys pa;;;;ing thwugh a voxel before i, emi bt, rmwked for modified proct,s;;i.ng. 

Spac(: carving is generally k1wwn in ihe arl as a technique for i,kntifying ,moccupied volume, 

and uny corresponding techniques or tools may b,' adapied to identii}' 'prohibited' voxeh fiS 

Ct)nternplated h,~rein. For example, c1munercially av,,ilabk sothrare tooh. such as Voxd 

Spurn (Novalogiq and/or 3D-DDA support ray tn:eing through voxd space;; and may he used 

with ;;pace carving as described herein. A;; such, algorithms and sollware tool;; for space 

,:arving are not discus-;:.,~d here in detail, with empha-;:.is being on use of spiwe rnrving 

1edmiques to supp .. irl ditler,~nlial proces;;ing nt"three--dimensiomil data. 

100591 Fig. 7 i;; u How chart ora pnlct,ss for displa:ying duht based on a ;;paiia! 

matrix. As genernl.ly de~cribed bdow, a spatial. matrix such as tht, matrix de:seribed above 

with rcforence to Fig. 5 may be w,ed 1,:i ;;mrn info.rmaifon about what type of processing is 

permitted or forbidden for data within voxds ~)fthe scan ,pat-e. \\/hikl the 'forbidde:n' voxc!s 

may be genernl!y understood ,is voxd~ that an: unoccupied, it will be appreciated t.htl! this is 

not ,miv,~r;;uHy tnie and lhal voxeh in which 1x•inh are dekettxi ma)' be forbidden {;;u.ch ;i$ 

where a surface temporarily moves into 11 sc,,n space) m1d voxds that 11m empty mHy be: 

permitted (such as ,vhere a vm:d is inm,ediatdy adjacent to an occupied voxeL Thus whik 

!ernis such as ocwpkd or m1i:,ccupied are tm'CI in this description, these term;; should not be 

understood as a direct pro~;y for whether data points ,ire or can bt' obtained from a "·oxd, <:w 

whNher H vo:>:d is permitted (that is. n:cei"ving unm,xlifkd processing) or forhidtkn (!ha! is, 

receiving modified processing). 

IOflMl .--l, s shown in step 702. th,~ pmcess 70(} may begin with stMing a spatial 

mutfix i.n a memory, such a;; the spatial malri:>: described above that indudes infomiation for a 

plurality ofvoxds in a me~h ofa ~.:an space. 

IU061J As shown in ,tcp 704, th1'e,>dim@sional da!il may be obtained from ;m 

,1bjcd. within a scan space using, fi2r example, any ofthe scanners described ubO'-''"''-

IU062! As shown in skp 706, th,:: pmct,ss 700 may induM idcni.i!}ing at leas! one: 

,1fthc p!urnlity ofvoxds in the scan space that is unoccupied, Thi$ may be at,cornplisht,d, fot 

exmnpk, using any suitable ray !racing soflwarc or algorithm. A variety of conm1e1..:ia!l:y 

18 

-128-



WO 2012/.115862 PC'l'/U S 20l 2/ll2554S 

:ivaibbk sotlware tool& (frlr example 3D-DDA) Hnd gent,rnl algorithms (fbr example, 

Bresenham·,~ !irn: nlgofrthrn) am kno1vn in the art frir trnvt:r;;ing vn11:ds in a spat>>? and 

identifying vd1a1 rnxds conrnin a rny, any ofwbidi may be use folly adnprnd i.o identif},ing 

unoccupied voxels in a scan space as cuntemp!mt:d herein. In a ray tracing embodiment, 

tmon,upied ;;pat(~ may, for example, indw:.'k \'(>:<els behind or beyond a known ;;;uface of an 

object. or voxels behvern a scmmer mid ihe surfm:e, as wdl as combinations l)fthe-se. In 

another ;i;;pec1, other infbrmatkm may also or instead be used to determine wht,ther a voxel. 

shnuld be l'brbidden or perm.itkd. For exmnpk, for a voxel to be forbidden, the process 700 

muy provide a threslmld for a minimum mnnber of adjacent voxds that Me a.Jready identified 

as forbidden. ln illllllher asp<:.'(,t, the number o!'ra;/S pas~ing through a voxd n-iay be counted 

:ind used, l'br example. u, a minimurn threshold for icknti!'ying a \·oxd a~ !hrbidden. For 

occluded surfa.(,e& of the semrned object, the prN.:es& 700 nwy provide an oifae1 or ,tep ;nvay 

from the border Qfthe occlusion in a field ofview. !\·fore genen,lly, any suitabk technique:, 

for dmrncterizing a vow! a& c,mtaining or n(il rnntaining lht\ ;;urface of intere&t n1a3° be 

;;uii;ibly employed lo itkntify prohibited spac,~ as contemplated h,'rein. 

h1 om: a&pect, voxds in a spatial margin ofnne ;>r morn voxels adjacent to a 

surface of an object king scanned may be p1:evenied from hdng flagged a,; prohibited. That 

is, in order 10 ensure il('.{:urncy· ofthe model, immediately adiacent data n-iay be included 

regardless of<.rhcthcr mi associated voxd i~ believed to be wmccupkd, The &patial margin 

may, for exampk, be a single !ayer ofvoxels, or u number or depth Qfvoxe-ls as dett,rmined, 

for example, with rcforence to a standard deviation (if2-axis nwm;urements ofa scanner. Tims 

for exampk, ,1 voxd may be treated a~ 'pemiiHt'd' regardless ofvd,e!her it is ocn1picd by 

three-dirnemional data poinb if the vo:>:d is within a di&wm:e from the surfiK:e nfa scun 

subjed. that is less than one standard deviation, two stm1daTd deviations, 0r ~ome other 

multipk ofthe -;;tandard deviaii.on ofz-axi~ measurMKnts of the sc;;11111<\r. By contrnHing this 

m<i'tric, a ;;ca.nning proc(:SS may indud.;: more or k$S rmwginat d11i.a that is a4iucen! tn but noi. 

on an inforred surface ~)fthc objet.i. 

!00641 
modi!fod processing of th,, one (iftht, plurality ofvo>;ds in the spatial matri>; 7!0. After 

tompleting this step for ~)ne or more {)fthe plurality ofv(i>,ds, the ;,;patia! matrix identifi,is a 

prohibited V()lume that includes ()ne or rn~)tC , 1oxds within the st,m space. It wil! bt' 

crnderstood that identifying the prohibited volume may be a n1mulative process t.htl! is 

repe;Hed as eiicb new frame of three-dimensional data is repeated for a S~\an such .as the 

sequential $<::ans described ab,we. Thus for example, each frame ofdnia may provide different 

infr,rmatfon cm surfaces of the object that ,we occluded. that have chmiged. or that have 

di~appt'ared, :md this infrmnation may be generally u.%d to update th,~ spa.ti;i! matrix in any 

suitable way. ln genera!, it:~ contemplated that evt'ry voxel ofille mattix 1$ a pemiitted voxd 
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u.nti! a reliable inforencc can be .mudc that ,h(: voxd should bt~ prohibitt:d. 1-lowever, this is not 

~tricl.ly .rnqui.rcd, and va.riatio11;; to this initial condition may bt: made w·ithont dqmrling from 

the scope ofthis disck,surc, 

100651 As n()tcd abov;:-, a voxd in the prohibitt'd V(ilmne. • iha! h, a voxd that 

receives modHkd processing - is not nece~sa.rily a voxd 1:hlit is unoccupied. For example, if a 

new frame of data provides ,1 first instance of a point surtic1ce, or obj;,'Ct that i:, not in a voxd 

in previous frM1cs of data, then the v~)xd is occupied even i]l(Jugh nominally 'prohibited'. 

Conversely, an unoccupied voxd may be nominally 'permiitcd,' su.di as a margin ofvoxe!s 

around a -;:urfoc~~ of an objt~ct, or a voxd l1.)t which sufficiem dnta hM not y-.::! b.it~n acquired to 

conclude that Hw voxd should recdve m~xlified processing (that i~, that the voxd i, 

'prohibited'), The prohibited volume may g;:-nernlly indudc more than one ,)f !he V,)xds in 

tbc me~h or spatial mmrix, 

100661 The process 700 may then return io step 704 wlwre additional thn::e-

dimensiom:l data is obtuined. 

!0067! Conrnrre111!y with or si.ihsequent lo Hie: idnm!inmmi of a prnhihit;;;d 

volmne, ,he process 7()() may engage in a three,dimcnsimrn! scanning process to obtain a 

thrcc-dirnemional surface reprnscw;ition or other digital model ofH scan subj,'ct. 

100681 A:;; sh;Nm in 5tep 7 l 2, ,h,~ pro-ccss 700 may inc!utk obtaining ;}wee-

dimcnsiona{ dam. This may lx~ the same da!;1 acquired in s,~~p ?04, or diffornnt data. or smnc 

combirmtion of these. 

in th0 spatiat matrix ?HJ. In this step, !he !rn)ation may be u~ed 1:o rei.rievc a processing 

i11dica1or such ;is a 'pennittcd' or 'lhrbiddcn' ilag for ,,oxeb frnm i.he spHi:ial matrix 710. Thi;; 

informmion rnuy in iurn h(: used to apply di!fon~n,ial processing HS described he!o,.v. 

!0070! As shown in $1:Cp 7 !6, tht\ process 700 may indudc processing a ponion of 

the three-dimensional data that is ni:,t in the prohibited volume - or altermuiv.ily stated, thrcc­

dimcnsiomt! di!ta 1ha1 is in !he pcmiilled volume ofth,' ;;;:an space •----according to an 

unmodified or normul pmccssing. Thi$ may indrnk any processing nssociait~d with the 

acqui-;:i,ion of three-dimensional data such as dcnvntion ofa CB11Kra path for a scmmcr, 

i<.:'aitlrn-b,ht'd ,)r other derivation of individual thrilt\-dimcnsi,)mll d;ita point:-. from frnm0s of 

video or image (fa.ta, rngisiration oflh.rec .. ;Jinwm;iorml surfaces and so forth. ln gcrwrnl, it is 

contempfoied that any thn:e-dimcnsional process ihai d,)es not use spac.i carving or the like 

may b~~ p.irforn1ed in an 'lmnK)difi,~d' pn_l~essing ~,cp as thnt !x~rm is us.id hcrnin, including 

withow limiiation a('.quisition, display. and refin,'m,'n! (for exartipk, opti.mization, error 

minimization, de.) ofa three-dimensional -,urfoct' rnpR~seniation bM~'d on, for cxampk, a 

sequeri;:~0 offram,~:;:. ofimage data or the like from a three-dim.insional sc,rnner. 
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10071 j As sho',vn in ,kp 7 la, the pro('.,%:& 700 mHy indude pr(1;,.\is,ing ii portk)n nf 

the three-dimensional dnta that is in the proh.i.bited volu.me according to tht\ modilkd 

proce,sing. tvlodified prnces,ing may indude any processing suitable for data in tht 

'prohibited' vo!mne, 

100121 

dimensiona.l tfata points in a ihre,~-dinK~nsional rncm1stmction act(mling io whdlwr they are 

in prohibited or permitted volumes oflhe scan space. For exampk, a rt'Consirnnion process 

ma:y· treat data within the prohibited volume as rn1tlkrs that are t\xch1(kd from processing. Or 

data in the prnhihited volume ,nay be de->,;·cighted or oihcnvis,: de-empl«1~i2ed in the 

mconstruction proce:;;s, This dilta exclusion or de-weighting may bt\ perfo:.1rn1tx.i in a n:al thrni 

H:con:;;tmtlion process while 1h1'ee-dimemional da!a h being disph1y,-d, or in a posi­

pmce:;;;;mg re!inenwnt &kp, or som,~ combin;ition of!h(:;;t:. Thus in one Bspcct, mrnii!'ied 

processing includes omitting any points in the prohibited volmne from a high-ac,:;un1cy 

rdillemm.11 ofthe 1hrne-dimen,;;ional d;ita. 

1007.l! !n another aspect modiii,x! prou,-:;;~ing may indudt: contw!!ing how data in 

the pn:,bibitcd vnlmne is displayed, For exiunpk d,tW ,,;,,ithin the pn:ihibikd volum,~ irn1y bc 

excluded from display, or may be displi,yed li:'mpornril:y using a brief decay time sudi a~ 0,5 

se(:onds or any other short inkrval. 

100741 In another aspect. modified processing m,:iy indude controlling how data in 

ihe prohibited V\.)ltimt is used in a surti1cc mesh of the three-dimensional d,1ta. For exmnpk, 

point5 in the prohibited v~)!ume may be exchided from a surfl:1cc mesh of the ,canned (!bjed 

created from the thtt~-dinwnsionnl (poini) daia using a .marching cubes grid or othtr surfo,x 

mesh algorithm. !n another aspect ,.vhern H pn)Ct'ssing grid for the surface mesh is identical 

(or sub;;tantia!ly i,knti.(:al) to the mt)Sh of tlw spatial mH!.rix, voxels from the prohibited 

vo!ume may he exduded entirdy from th,~ surface nK~.sh. Surface 11K~$h gen,'raikm is a knowY1 

technique frir r,~pH:::;,~nting a three--dirnensional ~hap,:\ ;is a collection of venices, i:dge, and 

face$ thai. fonn polygons (fi.)r example, triangles, quadrilaterals). In (me aspl:'Oct, th\:" processing 

me,h for generating ,u(:h a surfr,c.:: from !ht) threc-dim,:msionnl data may he C(H'X!ensil'e and 

equally dimensioned with 1:hi: me,h u,ed for the spatial matrix, although this is noi strictly 

ri:qui1\:d. Thus in (me Mpect the mesh of the scan $pace ti.sed for th.: spatial nmtriK may divide 

tht\ scan :;;pace into a spatfol grid !hat is ,ubstantiaHy identk,il to a second spatial grid used to 

create a surfrice mesh from !lK~ ihre,~-dimensional data. In ,mother asp,'ct, the meshes may 

provi(k difft't\".nt processing rt',o!utions and/or he unaligned sp.atiaHy 

100751 /\.tter modified and/or tmnwdified prncc,sing ha$ been perfom.1t'd (m thret'• 

dimensim,al daw, the proces, 700 may return to ~wp 712 >.vhae addiHmia! thrne•din1ensim1:l! 

daia is acquin,d. Thi,- f)J'i.lCt',i, 70{1 may continue until a .'K,m is manually 01, automatic.ally 

~topped, or otht'rwi5e tcnninated. 
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jll07{ij As su(:h there is g~:nernlly di~dosed h,•rein mdhods and systems fbr 

difl'i::nc'.ntial proix,sswg ofda1:i in a thn:e-dirncmional dam aequisitinn process acconling lo 

where the data O(:curs in a scm1 space. It will be ,,ppredatcd that, v_.hik ihe process 700 of Fig. 

7 is represeniativc, numerous variai.i()nS may be made withotit dep,irting from the scop-l! of the 

im-·crnwn. For tKarnple space carving and data f)f<X'.tssing (for example, of steps 716, 7 ll',) 

may be perftinncd imkpendent!y, cir within a singk rqxinting sNin0ni.ial prn,X\~S, or %me 

combiniltion ()fthese. In addition, ideni.ifYing the prohibited v(ilumc, or portion.$ thereof: may 

be perfnmK,d bdbn,, during, or atkr th~, data processing of steps 716 and 7 ! I\, or ,m:ne 

combinMi,)n of these. SiiU more generally, any or(kf and comhinati,)n ofsi0ps thai might be 

recognized as useful t,:1r idcntif'.l·fag forbiddenipetmiued voxds in a scan space on one hand, 

and acquiring dal;l for a !.hn:c-dirnemional rcc.tmstrnchon on tht~ other, ma3,. be adapkd to use 

with the method, and system;;; de,nibed h~:rcin without dt~p11ning frorti tht~ ,.;npc of this 

dischmrc. 

100771 It will be appreciated that tht' pwcesses and methods disclosed abo,'t~ may 

be n~alized in ha.1-ihvarc, sof\ware. or any cornhimi.tion ofthcse suil.abk~ fbr the ihrec­

dimtmimm! imaging and rnodding tcclmiques described herein. Ii will ,,!so be appreciated 

that the user interfaces, user interface rnmroh, and 1ncthods of using same, as wdl as the 

visualiza1kms, dig,iwl model pmce%ing and ,ma!ysi&, and r,·mkring HS described herein may 

similm1y be e>;prcssed a, methods or processes embodied in hardw«rc, software, and various 

combinations thereof. Thus in one aspect there is disclo~cd hert'in a computer program 

pmduct ('.Omprish1g cm.-ipuk~r ex~:(:utabk code stored in a trnnsiiory or non--trnnsitory medium 

that, wtKn excci.iting on one or more computer:,, perfbnns miy one or mun:: t)fthc steps 

described above. 

100781 

micmcontrn!Icrs, embedded micmco111rnlkrs, programmable digital signal pmces~ors or other 

progrnmmabk devices, along with imemal and:'or t'.Xli:rmi.! m.imory. Tlw ha:rdwurc may also, 

or instead, include Nle or more application specific integrnted citcuits. prngrnmmabk gaie 

m-rays, progrnmmable arrny logic components, (H' any othet device or dc'<'iCc$ that may bt' 

configured to pn:icess de('.trnnic signak It ,vii! fnrthn be appreciated that a n::alization may 

include c1.'rmputer exerntabk c1.,de cn.:aicd tising a &tructun;d pn:,gramming language &Ut'h as 

C, ,1n objeci. orienied programming langtmge such R$ (+,·, or any other high-levd (>r low­

kvd prngnimrning fonguagc (including assembly bnguage~, hardware d.::scription languages, 

and d,nabnse pR,grnmming languages and technologies) that rnay b<:: stored, C(.11npikd or 

interpreted i.\., run ()n one .::,fthc above devices, as wdl i,s hdet0gt'ncous combinations of 

pro('.css.ms, prnceswr architectures, or wmbinmions of different hardware and software. A.t 

!he ~Mnc i.imc, pRxessing nrny be distributed ,1c:n:,s~ devit<::s such as a t'arnern mid/or 

computer in a nu.mber of ways or all of the hmctionality may bt~ integn1ted into a dedicated, 
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standalone image capture device. AIi such pemrntatiorn; and cornbinations are intended to foll 

within the scupe of the present diselosure. 

10079_1 It will also be appreciated that means fbrpedbnning ,he steps asso~,iated 

with the processes described above may indude any $Uitabk compmrnnts of the image 

capture system l 00 described above ,vith refen:nu, ,o Fig. ! . along v;,.-ith any software Hnd/or 

lrnr(h:vare suitable for controlling nperation of same. The user inkrfaces described herein may, 

for example, be rendered within the display l li.1 (ifihe image capture system i OiJ of Fig. l. 

All such realizations and rn{:ans fr.1r perfrirming the processes disclosed herein are inhmded to 

fnll ,vithin the scope of this disclosure. 

!00801 \Vhile the invention has b(:en disclosed in connection ,vith certain preferred 

emlx)dimeni.s, other embodiments will be recognized by t]l()se (lf mdinary skiH in the art, and 

all such variations, modifications, and substitution~ nre in.ended to fall \Vithin the $Cope of 

this disclosure. 111us, the invention is to be undcrsto,xl ,vith reforcncc to the following daim~, 

\Vhkh arc to be interpreted in the brmidesi sense allowable by law, 
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l. A rncthod coniprising: 

storing a spatial mmriK in a m('.mory, tlw spatial rnatrix indudfog informmion for a 

plurality ofvoKeb in a mesh of a s<:an ;;pace: 

obtaining !hrec-dirncnsional data from an object \,:-ithin the scan space using a scanner; 

identifying a one of the plurality of voxds in the mesh that i~ unoccupied; 

storing an indicatio11 in the spatial matrix for a nK1dified processing of data from the (lne 

ofthc plurality 1)fvoxels, thereby idcnti{ying a pmhibitcd v1)ll!!m.~ within the scan space; and 

processing a portion of the thrce~dimensional data that i~ not in the prohibited volume 

according to an unrnodified processing and proce~~ing a ~ccm1d portion of the threc~<.fo:nensional 

data that is in ihe prohibited vo!nmc according to the modified pro(:essing. 

2. The rnethod of claim I ·wherein identifying ihe one oftbc plurality of voxds im:ludes 

identifying a pluraliiy of points on a ray between the scanner and ihe object that a.n:: umx:enpied. 

3. The rnethod of claim I further comprising providing a .,-patial margin of mK o.r more 

voxds adjacent i.o a surface of!lw object for which processing cannol be prohibitt'.d. 

4 The 111ethod of dairn 3 wherein !he spatial margin i;; a mu!lipk ofa standBrd deviatkm of 

a z-uxis measurement for the si:·.fmner. 

5. The method ofdaim l \vherdn the modified proce;;;;ing includes detecting a point in th(! 

prohibited volume and displaying: the point wHh a decay time. 

6. The method of claim 1 ,vhcrdn the modified pwccs;;ing itKlud;ts omitting any points in 

ihe prohibittxl volume from a surface mesh ofthe object created \Vith 1he tll:ree->(limen"ional dat,L 

7. The method of daim 6 \vlwrdn the n1csh divides the sc:an space info a spatial grid 

substantially idemical io a second spatial grid used to create the ,-urfacc mesh. 

24 

-134-



WO 2012/.115862 PC'l'/U S 20l 2/ll2554S 

IL The method of claim 1 \Vhcrdn the modified pmccssing includes omitting: any points in 

the prohibited volume from a high-accmacy :refinement of!lm !hrt'.e-<l:imen:;;iona! dma. 

,1 Th1:.: mcth,x! o:fdmm l \vhcrcin the mesh of1he :;;c,m spac(: is subdivided into voxds 

having a sub~taniially cubic :;;hape. 

lO. The rnethod of da1m 9 whcrciti the substantially -::nbic shape measttr(!S about 250 microns 

on each edge. 

l l. The method of claim l wherein the prohibited volume includes mr,re than one ofthe 

plurality ofvoxds. 

12. The method of claim l wherein the spatial matrix include;; a bimuy t1ag for each one of 

the plurality ofvoxeh that indicates whether processing is permitted or forbidden fbr a 

corn.~spomiing volume ofthe scan space. 

13, A compuic:t prograni product comprisi1ig computer eKc(:tJtahle code embodied 1)n a non•• 

tnmsiio,·y computer rcadabk~ imx!ium that, wheil executing on one or mQrc co:mpnti:og devi1.:c~, 

performs -the steps of: 

storing a spatial matrix. in a n1cmory, Ltrn spatial matrix ~ioring information for a plurnfay 

of voxds in a mesh of a scan space; 

ohrnining lhrcc-diniensiomit data from an objtX'.1 ·within tbt, scan ,;pace using a i;canner; 

identifYing one of the plurality ofvoxcls in the mesh of the scan space that i;; unoccupied; 

storing an indication in the spatial matrix fbr a modified pr<icc%ing or data from !lie orrn 

Mthc plurality ofvoxds that contains the point, thereby identitYing n prohibited volume within 

the scan space; and 

pn:icc:':sing a portion ofthe three-dimensional data in the prohibited volume according to 

the modified pnxessing and processing a sixond pmti()n ofthe thm::-dimcnsional data thi,t i:s not 

in the prnhibiied rnlwne according io an unmodified processing. 

"14. The compukr program product of claim U wfa::n::in idrntif\ing the one of1he plurality of 

v<1xds includes identifying a plurality of points on a ray bcnveen the scanner and the object that 

m'e UllOC('.llpied, 
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! 5. The con1putcr prngrnm product of claim u farther comprising C(Xk: for providing a 

spafoll margin ,)f one or rno1-c: voxe.b adjacent to a surface o:fthe object for which prm:cssing 

~:annot bt: prnhibiti.'.1:L 

16. The computer program prndnci 1>f claim IS ,~d1crdn the spatial margin is a muhipk of a. 

siandanJ deviation o I' a ;-axis me;i.~merr10n1 for the scanm:,r. 

17. The computer progrnm product of daim u ,vhcrdn the modi ffod processing includes 

dctec-.tmg a point in the prohibited volume and di~playing !he point with a decay time. 

Hl. The compnter progrnm product of daim i3 wherein the modified pr<.)Ct~ssing in.eludes 

omitting any points in the prohibited volmne frt,m a ~urfacc n:1csh of the object created \Vith lhe 

three-dimensional data. 

19. The computer prngrnrn product of claim ! 8 ,vherein the m.esh divides the scan space inti) 

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

2{t The computer prngrnm product of claim ! 3 wherein the modified processing in.dudes 

omiHing any points in 1he prohibited volurn{: from a high-accuracy rdJm~ment ofi:hc thr(:e­

dimrnsional data. 

2L T!w i.ximputer program product of daim Ll \vherein the Ill{$h ,)fthe scan space is 

subdivided into voxcls having a suhstmnially cubic shape. 

22, The computer progrnrn prod11ct of duim 2 l \Yhcrein th(, substantially cubic shape 

measures ahout 250 microns on eacb edge, 

23, The rnmputcr prngrnm product of dairn u wherein the prohibited volume indudes more 

than one of the pluraliiy ofvoxek 

24. The computer program produc1 of dairn L, ,~ .. !Jcrcin the spmial matrix indudes a binary 

flag for each one of the plurn.lity of vnxds thai i:ndica:tes whether processing is permiticd or 

forbidden l<:ir a COIH\Sponding volume of the scan space, 
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25. A system C<lmprising: 

,1 scanner configun .. "il io obtain 1hn::e-dimcnsional da!a from an object within a s(:an spat<), 

a menH.ny configured to store a spatial matrix that include;; infotmation fot a plurnlity of 

voxds in a mesh of a tcan spmx:: and 

a processor configured to identi !y- a point in the scan ,:;pa(:e that is wwccupicd, !o ,:;torn an 

indication in tht~ spatial. matrix for a rnodifoxl pnKessing of data from a orm of Hie pinrnlity of 

voxds that contains the point, thereby identifymg: a prnhibittxl volume within the scan spate, w 

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

an unmodified processing, and to process a &e~ond portion of the three-dimensional data that 1~ in 

the prohibited volume according to the modified processing, 

26. A system compnsing: 

storing means for storing a spatial matrix that indude5 infbmiation for a plurality of 

voxds in a mesh of a scan space; 

scanning means for obtaining three-dimensional data frmn an object within the scan 

space; and 

processing means for identifYing a point in the scan space ihat is 1mnccupicd,. swring an 

indication in storing !lit.'.ans for a modified pmCt'.ssi11g of data from a one of!he plrn'iility ofvoxds 

that om!:ains !:he point tht~reby identi-fy-ing a prohibited volomt~ \vithin the scan space, processing 

a portion of the three-dimensional data that is not in the prohibi1cd vohurn-~ according to an 

unmodified processing and processing a second portion of the tbree-dinh'.ll8iona1 data thm is in 

the prohibited vohime according !O the modi ficd processing, 
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Case No.: 67245US004 
Customer Number 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

First Named Inventor: KRIVESHKO, IL YA A 

Application No.: 14/000442 

17-FEB-2012 

HYBRID STITCHING 

Confirmation No.: 8005 

Filed: 

Title 

INFORMATION DISCLOSURE STATEMENT 

Mail Stop: Amendment 
Commissioner for Patents 
P.O. Box 1450 

CERTIFICATE OF MAILING OR TRANSMISSION [37 CFR § 1.S(a)] 

I hereby certify that this correspondence is being: 

[8J transmitted to United States Patent and Trademark Office on the date shown below 
via the Office electronic filing system. 

D deposited with the United States Postal Service on the date shown below with 
sufficient postage as first class mail in an envelope addressed to: Commissioner for 
Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 

Alexandria, VA 22313-1450 

Dear Sir: 

D transmitted by facsimile on the date shown below to the United States Patent and 
Trademark Office at 571-273-8300. 

March 14 2014 /Paula J. Bick/ 
Date Signed by: Paula J. Bick 

Pursuant to 37 CFR §§ 1.56, 1.97, and 1.98, enclosed is a completed Form PTO-1449, 

citing references submitted for consideration by the Examiner. It is respectfully requested that 

the Examiner initial and return the enclosed Form PTO-1449 to indicate that each reference has 

been considered. 

This Information Disclosure Statement is being filed within three months of the filing 

date of the application, or within three months of entry into the national stage, or before the 

mailing of a first Office Action on the merits. 

Fees 

[8J It is believed that no fee is due; however, in the event a fee is required, please charge the fee 
to Deposit Account No. 13-3723. 

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

D Please charge the fee provided in 37 CFR § 1.17(p) to Deposit Account No. 13-3723. 
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of any pending U.S. applications filed after June 30, 2003 that can be accessed on the USPTO's 

IFW system are not enclosed as per US PTO Waiver dated September 21, 2004. Copies of any 

U.S. patents and published U.S. patent applications are not enclosed. 

March 13 2014 
Date 

Office of Intellectual Property Counsel 
3M Innovative Properties Company 
Facsimile No.: 651-736-3833 

Respectfully submitted, 

By: /Lance Vietzke/ 
Lance L. Vietzke, Reg. No.: 36,708 
Telephone No.: 651-737-2180 
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APPLICATION NUMBER FILING OR 3 71 (C) DATE 

14/000,442 08/20/2013 

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

Title:HYBRID STITCHING 

Publication No.US-2013-0329020-A 1 
Publication Date:12/12/2013 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

FIRST NAMED APPLICANT ATTY. DOCKET NO./TITLE 

Ilya A. Kriveshko 67245US004 
CONFIRMATION NO. 8005 

PUBLICATION NOTICE 

1111111111111111111111 ll]~!l]!~l!~l!~HH!llH] 111111111111111 IIII IIII 

NOTICE OF PUBLICATION OF APPLICATION 

The above-identified application will be electronically published as a patent application publication pursuant to 37 
CFR 1.211, et seq. The patent application publication number and publication date are set forth above. 

The publication may be accessed through the USPTO's publically available Searchable Databases via the 
Internet at www.uspto.gov. The direct link to access the publication is currently http://www.uspto.gov/patft/. 

The publication process established by the Office does not provide for mailing a copy of the publication to 
applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set forth 
in 37 CFR 1.19(a)(1 ). Orders for copies of patent application publications are handled by the USPTO's Office of 
Public Records. The Office of Public Records can be reached by telephone at (703) 308-9726 or (800) 972-6382, 
by facsimile at (703) 305-8759, by mail addressed to the United States Patent and Trademark Office, Office of 
Public Records, Alexandria, VA 22313-1450 or via the Internet. 

In addition, information on the status of the application, including the mailing date of Office actions and the 
dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through the Patent 
Electronic Business Center at www.uspto.gov using the public side of the Patent Application Information and 
Retrieval (PAIR) system. The direct link to access this status information is currently http://pair.uspto.gov/. Prior to 
publication, such status information is confidential and may only be obtained by applicant using the private side of 
PAIR. 

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent 
Electronic Business Center at 1-866-217-9197. 

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

U.S. APPLICATION NUMBER NO. FIRST NAMED APPLICANT ATTY. DOCKET NO. 

14/000,442 

32692 

Ilya A. Kriveshko 67245US004 

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

Date Mailed: 09/04/2013 

INTERNATIONAL APPLICATION NO. 

PCT/US 12/25554 
I.A. FILING DATE PRIORITY DATE 

02/17/2012 02/22/2011 

CONFIRMATION NO. 8005 
371 ACCEPTANCE LETTER 

11111111111111111111111111111111111111111111111 IJ~l~~~~~~~jl~~IJ~IJl!l~ 

NOTICE OF ACCEPTANCE OF APPLICATION UNDER 35 U.S.C 371 AND 37 CFR 1.495 

The applicant is hereby advised that the United States Patent and Trademark Office in its capacity as a 
Designated/ Elected Office (37 CFR 1.495), has determined that the above identified international application has 
met the requirements of 35 U.S.C. 371, and is ACCEPTED for national patentability examination in the United 
States Patent and Trademark Office. 

The United States Application Number assigned to the application is shown above and the relevant dates are: 

08/20/2013 
DATE OF RECEIPT OF 35 U.S.C. 371 (c)(1 ), 

(c)(2) and (c)(4) REQUIREMENTS 

08/22/2013 
DATE OF COMPLETION OF ALL 
35 U.S.C. 371 REQUIREMENTS 

A Filing Receipt (PTO-103X) will be issued for the present application in due course. THE DATE APPEARING 
ON THE FILING RECEIPT AS THE" FILING DATE" IS THE DATE ON WHICH THE LAST OF THE 35 
U.S.C. 371 (c)(1), (c)(2) and (c)(4) REQUIREMENTS HAS BEEN RECEIVED IN THE OFFICE. THIS DATE 
IS SHOWN ABOVE. The filing date of the above identified application is the international filing date of the 
international application (Article 11 (3) and 35 U.S.C. 363). Once the Filing Receipt has been received, send all 
correspondence to the Group Art Unit designated thereon. 

The following items have been received: 

• Copy of the International Application filed on 08/20/2013 
• Copy of the International Search Report filed on 08/20/2013 
• Oath or Declaration filed on 08/20/2013 
• U.S. Basic National Fees filed on 08/20/2013 
• Priority Documents filed on 08/20/2013 
• Authorization to Permit Access filed on 08/20/2013 

Applicant is reminded that any communications to the United States Patent and Trademark Office must be mailed 
to the address given in the heading and include the U.S. application no. shown above (37 CFR 1.5) 

KAREN M WILLIAMS 

Telephone: (571) 272-9075 
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PATENT APPLICATION FEE DETERMINATION RECORD Application or Docket Number 

Substitute for Form PTO-875 14/000,442 

APPLICATION AS FILED - PART I OTHER THAN 

(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY 

FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($) 

BASIC FEE N/A N/A N/A N/A 280 (37 CFR 1.16(a), (b), or (c)) 

SEARCH FEE N/A N/A N/A N/A 480 (37 CFR 1.16(k), (i), or (m)) 

EXAMINATION FEE N/A N/A N/A N/A 720 (37 CFR 1.16(0), (p), or (q)) 

TOTAL CLAIMS 24 minus 20= 4 (37 CFR 1.16(i)) 
OR X 80 = 320 

INDEPENDENT CLAIMS 4 minus 3 = 1 X 420 = 420 (37 CFR 1.16(h)) 

If the specification and drawings exceed 100 
APPLICATION SIZE sheets of paper, the application size fee due is 
FEE $31 0 ($155 for small entity) for each additional 0.00 
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C. 

41 (a)(1 )(G) and 37 CFR 1.16(s). 

MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00 
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APPLICATION AS AMENDED - PART II 
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REMAINING NUMBER PRESENT 
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<( AFTER PREVIOUSLY EXTRA FEE($) FEE($) 
I- AMENDMENT PAID FOR z 
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0 
Independent ... = z Minus 

X = OR X = w (37CFR 1.16(h)) 

~ Application Size Fee (37 CFR 1.16(s)) <( 
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TOTAL OR TOTAL 
ADD'L FEE ADD'L FEE 

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3. 
** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20". 

*** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3". 
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION 
NUMBER 

FILING or 
37l(c)DATE 

GRPART 

UNIT FIL FEE REC'D 

14/000,442 08/20/2013 

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

2220 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

ATTY.DOCKET.NO TOT CLAIMS IND CLAIMS 

67245US004 24 4 
CONFIRMATION NO. 8005 

FILING RECEIPT 

1111111111111111111111 ll]~!l]!~l!~l!~Hl!HH] 11111111111111111111111 

Date Mailed: 09/04/2013 

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination 
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the 
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE, 
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection. 
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please 
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the 
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit 
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply 
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections 

lnventor(s) 
llya A. Kriveshko, Littleton, MA; 
Benjamin Frantzdale, Shrewsbury, MA; 

Applicant( s) 
llya A. Kriveshko, Littleton, MA; 
Benjamin Frantzdale, Shrewsbury, MA; 

Assignment For Published Patent Application 
3M INNOVATIVE PROPERTIES COMPANY, St. Paul, MN 

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

Domestic Priority data as claimed by applicant 
This application is a 371 of PCT/US12/25554 02/17/2012 
which claims benefit of 61/445,464 02/22/2011 

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution 
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None. 
Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to 
foreign priority. See 37 CFR 1.55 and 1.76. 

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

If Required, Foreign Filing License Granted: 08/29/2013 
The country code and number of your priority application, to be used for filing abroad under the Paris Convention, 
is US 14/000,442 
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Projected Publication Date: 12/12/2013 

Non-Publication Request: No 

Early Publication Request: No 
Title 

HYBRID STITCHING 

Preliminary Class 

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition Applications: No 

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES 

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no 
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent 
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international 
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same 
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing 
of patent applications on the same invention in member countries, but does not result in a grant of "an international 
patent" and does not eliminate the need of applicants to file additional documents and fees in countries where patent 
protection is desired. 

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an 
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ 
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific 
foreign countries to ensure that patent rights are not lost prematurely. 

Applicants also are advised that in the case of inventions made in the United States, the Director of the US PTO must 
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application 
serves as a request for a foreign filing license. The application's filing receipt contains further information and 
guidance as to the status of applicant's license for foreign filing. 

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the 
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign 
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it 
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html. 

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish 
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative, 
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific 
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may 
call the U.S. Government hotline at 1-866-999-HAL T (1-866-999-4258). 

page 2 of 3 

-157-



GRANTED 

LICENSE FOR FOREIGN FILING UNDER 

Title 35, United States Code, Section 184 

Title 37, Code of Federal Regulations, 5.11 & 5.15 

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where 
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as 
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier 
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The 
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under 
37 CFR 5.13 or 5.14. 

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless 
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This 
license is not retroactive. 

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter 
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national 
security or the export of technical data. Licensees should apprise themselves of current regulations especially with 
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of 
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and 
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of 
Treasury (31 CFR Parts 500+) and the Department of Energy. 

NOT GRANTED 

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12, 
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed 
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35 
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b). 

Select USA 

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for 
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources 
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to 
promote and facilitate business investment. SelectUSA provides information assistance to the international investor 
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states, 
and regions competing for global investment; and counsels U.S. economic development organizations on investment 
attraction best practices. To learn more about why the United States is the best country in the world to develop 
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call 
+ 1-202-482-6800. 
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FORM PTO-1390 U.S. DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE 
(REV 09-2007) 

TRANSMITTAL LETTER TO THE UNITED STATES 
DESIGNATED/ELECTED OFFICE (DO/EO/US) 
CONCERNING A FILING UNDER 35 USC § 371 

INTERNATIONAL APPLICATION NO. I INTERNATIONAL FILING DATE 
PCT/US2012/025554 February 17, 2012 
TITLE OF INVENTION 
Hybrid Stitchinq 
APPLICANT(S) FOR DO/EO/US 
llya Kriveshko, Benjamin Frantzdale 

DATE: 
Auqust20,2013 
ATTORNEY DOCKET NUMBER 
67245US004 
U.S. APPLICATION NO. 
(if known, see 37 CFR § 1.5) 

PRIORITY DATE CLAIMED 
February 22, 2011 

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

1. ~ This is a FIRST submission of items concerning a filing under 35 USC§ 371. 

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

3. □ This is an express request to begin national examination procedures (35 USC§ 371 (f)). The submission must 
include items (5), (6), (9) and (21) indicated below. 

4. D The US has been elected (Article 31 ). 

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

a. D is attached hereto (required only if not communicated by the International Bureau). 
b. D has been communicated by the International Bureau. 

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

6. D An English language translation of the International Application as filed (35 USC§ 371 (c)(2)). 
a. D is attached hereto 

b. D has been previously submitted under 35 USC§ 154(d)(4) 

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

b. D have been communicated by the International Bureau 
c. D have not been made; however, the time limit for making such amendments has NOT expired 

d. ~ have not been made and will not be made. 

8. D An English language translation of the amendments to the claims under PCT Article 19 (35 USC§ 371 (c)(3)). 

9. ~ An oath or declaration of the inventor(s) (35 USC§ 371 (c)(4)). 

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

Items 11 to 20 below concern document(s) or information included: 

11. D An Information Disclosure Statement under 37 CFR §§ 1.97 and 1.98 

12. ~ 

13. 0 
14. ~ 

15. 0 
16. 0 
17. 0 

An executed Assignment to 3M Innovative Properties Company will follow. 
A Preliminary Amendment. 

An Application Data Sheet under 37 CFR § 1. 76. 

A substitute specification. 

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

A computer-readable form of the sequence listing in accordance with PCT Rule 13ter.2 and 37 CFR §§ 1.821 -
1.825. 

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

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

20. D Other items or information: 

~ Customer Number for 

Correspondence Address: 32692 -159-



U.S. APPLN. NO. (if known, see 37 CFR § 1.5): I INTERNATIONAL APPN. NO.: ATTORNEY'S DOCKET NO.: 
PCT /US2012/025554 67245US004 

The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use 
Only 

21. ~ Basic national fee (37 CFR 1.492(a)) ............................................ .............. $280 280 
22. ~ Examination fee (37 CFR 1.492(c)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1 )-(4) ............ ..... $0 
All other situations .................................................................................... ................. $720 720 
23. ~ Search fee (37 CFR 1.492(b)(1)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4) .................. 0 

Search fee (37 CFR 1.492(b)(2)) has been paid on the international application to the 
USPTO as an International Searching Authority ................................................... ............ $120 
International Search Report prepared by an ISA other than the US and provided to the 480 
Office or previously communicated to the US by the IB .............................................. ........ $480 
All other situations ................................................................................................ ..... $600 

TOT AL OF 21, 2 2 and 23 = $1,480.00 
Additional fee for specification and drawings filed in paper over 100 sheets (excluding 

D sequence or computer program listing filed in an electronic medium). The fee is $400 for each 
additional 50 sheets of oaoer or fraction thereof. 

Fee Cale Number Filed Minus100 D'1ide by 50 C alc.E xtra Rate (for Fees 
ea .ad d'I 50) 

Application 43 100 50 0 $40 0. 00 $0 .00 Size Fee 
Surcharge of $1 40.00 for furnishing the oath or declaration later than 30 months from $0.00 
the earliest claimed orioritv date (37 CF R ~ 1.492/e)l. 
CLAIMS NUMBER FILED EXTRA RATE Fees 
Total claims 24 - 2 0 = 4 X $80.00 $320.00 
Independent claims 4 - 3 = 1 X $420.00 $420.00 
Add'I fee for one or more multiple dependent claims $7 80 .00 $0 .00 

T o ta I A m o u n t D u e $2 220.00 

D Applicant claims small entity status. See 37 CFR § 1.27. $0.00 
The fees indicated above are reduced by 1/2. 

SUBTOTAL= $2,220.00 
Processing fee of $140.00 for furnishing the English trans lat ion later than 30 months $0.00 
from the earliest priority date (37 CFR ~ 1.492(1)). 

TOTAL NATIONAL FEE = $2,220.00 
Fee for recording the enclosed assignment(37CFR § 1.21(h)). The assignment must be $0.00 
accompanied by an appropriate cover sheet(37 CFR §§ 3.28, 3.31). $40.00 per property 

TOTAL FEES ENCLOSED= $2,220.00 
Amount to be $ 

refunded: 
Amount to be $2,220.00 

charaed 

a. ~ The fee for filing this application will be made at the time of submission via EFS-Web. In the event fees are not or 
cannot be paid at the time of EFS-Web submission, please charge to Deposit Account No. 13-3723 any fees under 
37 CFR §§ 1.16 and 1.17, which may be required to file and during the entire pendency of this application. This 
authorization includes the fee for any necessary extension of time under 37 CFR § 1.136(a). To the extent any 
such extension should become necessary, it is hereby requested. Please credit any overpayment to the same 
deposit account. 

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

NOTE: Where an appropriate time limit under 37 CFR § 1.495 has not been met, a petition to revive (37 CFR § 1.137(a) or (b)) 
must be filed and granted to restore the application to pending status. 

Signature 

/Lance Vietzke/ 
Name: 
Lance L. Vietzke 
Address: Office of Intellectual Property Counsel 

3M Innovative Properties Company 

~ Customer Number for 

Correspondence Address: 32692 

I Registration Number: 
36,708 
P.O. Box 33427 
St. Paul, Minnesota 55133-3427 
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FORM PTO-1390 U.S. DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE 
(REV 09-2007) 

TRANSMITTAL LETTER TO THE UNITED STATES 
DESIGNATED/ELECTED OFFICE (DO/EO/US) 
CONCERNING A FILING UNDER 35 USC § 371 

INTERNATIONAL APPLICATION NO. I INTERNATIONAL FILING DATE 
PCT/US2012/025554 February 17, 2012 
TITLE OF INVENTION 
Hybrid Stitchinq 
APPLICANT(S) FOR DO/EO/US 
llya Kriveshko, Benjamin Frantzdale 

DATE: 
Auqust20,2013 
ATTORNEY DOCKET NUMBER 
67245US004 
U.S. APPLICATION NO. 
(if known, see 37 CFR § 1.5) 

PRIORITY DATE CLAIMED 
February 22, 2011 

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

1. ~ This is a FIRST submission of items concerning a filing under 35 USC§ 371. 

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

3. □ This is an express request to begin national examination procedures (35 USC§ 371 (f)). The submission must 
include items (5), (6), (9) and (21) indicated below. 

4. D The US has been elected (Article 31 ). 

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

a. D is attached hereto (required only if not communicated by the International Bureau). 
b. D has been communicated by the International Bureau. 

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

6. D An English language translation of the International Application as filed (35 USC§ 371 (c)(2)). 
a. D is attached hereto 

b. D has been previously submitted under 35 USC§ 154(d)(4) 

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

b. D have been communicated by the International Bureau 
c. D have not been made; however, the time limit for making such amendments has NOT expired 

d. ~ have not been made and will not be made. 

8. D An English language translation of the amendments to the claims under PCT Article 19 (35 USC§ 371 (c)(3)). 

9. ~ An oath or declaration of the inventor(s) (35 USC§ 371 (c)(4)). 

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

Items 11 to 20 below concern document(s) or information included: 

11. D An Information Disclosure Statement under 37 CFR §§ 1.97 and 1.98 

12. ~ 

13. 0 
14. ~ 

15. 0 
16. 0 
17. 0 

An executed Assignment to 3M Innovative Properties Company will follow. 
A Preliminary Amendment. 

An Application Data Sheet under 37 CFR § 1. 76. 

A substitute specification. 

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

A computer-readable form of the sequence listing in accordance with PCT Rule 13ter.2 and 37 CFR §§ 1.821 -
1.825. 

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

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

20. D Other items or information: 

~ Customer Number for 

Correspondence Address: 32692 -161-



U.S. APPLN. NO. (if known, see 37 CFR § 1.5): I INTERNATIONAL APPN. NO.: ATTORNEY'S DOCKET NO.: 
PCT /US2012/025554 67245US004 

The following fees will be paid via EFS-Web at the time of filing: Calculations PTO Use 
Only 

21. ~ Basic national fee (37 CFR 1.492(a)) ............................................ .............. $280 280 
22. ~ Examination fee (37 CFR 1.492(c)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1 )-(4) ............ ..... $0 
All other situations .................................................................................... ................. $720 720 
23. ~ Search fee (37 CFR 1.492(b)(1)) 

If the written opinion prepared by ISA/US or the international preliminary examination report 
prepared by I PEA/US indicates all claims satisfy provisions of PCT Article 33(1)-(4) .................. 0 

Search fee (37 CFR 1.492(b)(2)) has been paid on the international application to the 
USPTO as an International Searching Authority ................................................... ............ $120 
International Search Report prepared by an ISA other than the US and provided to the 480 
Office or previously communicated to the US by the IB .............................................. ........ $480 
All other situations ................................................................................................ ..... $600 

TOT AL OF 21, 2 2 and 23 = $1,480.00 
Additional fee for specification and drawings filed in paper over 100 sheets (excluding 

D sequence or computer program listing filed in an electronic medium). The fee is $400 for each 
additional 50 sheets of oaoer or fraction thereof. 

Fee Cale Number Filed Minus100 D'1ide by 50 C alc.E xtra Rate (for Fees 
ea .ad d'I 50) 

Application 43 100 50 0 $40 0. 00 $0 .00 Size Fee 
Surcharge of $1 40.00 for furnishing the oath or declaration later than 30 months from $0.00 
the earliest claimed orioritv date (37 CF R ~ 1.492/e)l. 
CLAIMS NUMBER FILED EXTRA RATE Fees 
Total claims 24 - 2 0 = 4 X $80.00 $320.00 
Independent claims 4 - 3 = 1 X $420.00 $420.00 
Add'I fee for one or more multiple dependent claims $7 80 .00 $0 .00 

T o ta I A m o u n t D u e $2 220.00 

D Applicant claims small entity status. See 37 CFR § 1.27. $0.00 
The fees indicated above are reduced by 1/2. 

SUBTOTAL= $2,220.00 
Processing fee of $140.00 for furnishing the English trans lat ion later than 30 months $0.00 
from the earliest priority date (37 CFR ~ 1.492(1)). 

TOTAL NATIONAL FEE = $2,220.00 
Fee for recording the enclosed assignment(37CFR § 1.21(h)). The assignment must be $0.00 
accompanied by an appropriate cover sheet(37 CFR §§ 3.28, 3.31). $40.00 per property 

TOTAL FEES ENCLOSED= $2,220.00 
Amount to be $ 

refunded: 
Amount to be $2,220.00 

charaed 

a. ~ The fee for filing this application will be made at the time of submission via EFS-Web. In the event fees are not or 
cannot be paid at the time of EFS-Web submission, please charge to Deposit Account No. 13-3723 any fees under 
37 CFR §§ 1.16 and 1.17, which may be required to file and during the entire pendency of this application. This 
authorization includes the fee for any necessary extension of time under 37 CFR § 1.136(a). To the extent any 
such extension should become necessary, it is hereby requested. Please credit any overpayment to the same 
deposit account. 

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

NOTE: Where an appropriate time limit under 37 CFR § 1.495 has not been met, a petition to revive (37 CFR § 1.137(a) or (b)) 
must be filed and granted to restore the application to pending status. 

Signature 

/Lance Vietzke/ 
Name: 
Lance L. Vietzke 
Address: Office of Intellectual Property Counsel 

3M Innovative Properties Company 

~ Customer Number for 

Correspondence Address: 32692 

I Registration Number: 
36,708 
P.O. Box 33427 
St. Paul, Minnesota 55133-3427 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

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

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67245US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention HYBRID STITCHING 

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the 
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76. 
This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the 
document may be printed and included in a paper filed application. 

Secrecy Order 37 CFR 5.2 
Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to 

D 37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.) 

Inventor Information: 

Inventor 1 I Remove I 
Legal Name 

Prefix Given Name Middle Name Family Name 

ILYA A. KRIVESHKO 

Residence Information (Select One) (!) US Residency 0 Non US Residency O Active US Military Service 

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

Mailing Address of Inventor: 

Address 1 P.O. Box 33427 

Address 2 

City I St. Paul I State/Province I MN 

Postal Code 1 55133-3421 I Country i 1 us 

Inventor 2 I Remove I 
Legal Name 

Prefix Given Name Middle Name Family Name 

BENJAMIN FRANTZDALE 

Residence Information (Select One) (!) US Residency 0 Non US Residency O Active US Military Service 

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

Mailing Address of Inventor: 

Address 1 P.O. BOX 33427 

Address 2 

City I SAINT PAUL I State/Province I MN 

Postal Code I 55133-3427 I Country i I us 
All Inventors Must Be Listed - Additional Inventor Information blocks may be 

I generated within this form by selecting the Add button. 

Correspondence Information: 
Enter either Customer Number or complete the Correspondence Information section below. 
For further information see 37 CFR 1.33(a). 

EFS Web 2.2.6 

Add I 

Suffix 

Suffix 
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PTO/AIN14 (03-13) 
Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67245US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention HYBRID STITCHING 

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

Customer Number 32692 

Email Address I I Add Email I !Remove Emaill 

Application Information: 

Title of the Invention HYBRID STITCHING 

Attorney Docket Number 67245US004 I Small Entity Status Claimed □ 
Application Type Nonprovisional 

Subject Matter Utility 

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

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

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

D 35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the 
subject of an application filed in another country, or under a multilateral international agreement, that requires 
publication at eighteen months after filing. 

Representative Information: 

Representative information should be provided for all practitioners having a power of attorney in the application. Providing 
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32). 
Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer 
Number will be used for the Representative Information during processing. 

Please Select One: ® Customer Number I O US Patent Practitioner 10 Limited Recognition (37 CFR 11.9) 

Customer Number 32692 

Domestic Benefit/National Stage Information: 
This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, or 365(c) or indicate 
National Stage entry from a PCT application. Providing this information in the application data sheet constitutes the 
specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78. 

Prior Application Status Pending I Remove I 
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

a 371 of international PCT /U S2012/025554 2012-02-17 

Prior Application Status Expired I Remove I 

EFS Web 2.2.6 
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Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67245US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention HYBRID STITCHING 

Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD) 

PCT /U S2012/025554 non provisional of 61/445464 2011-02-22 

Additional Domestic Benefit/National Stage Data may be generated within this form I Add I by selecting the Add button. 

Foreign Priority Information: 

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet 

constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55(d). When priority is claimed to a foreign application 
that is eligible for retrieval under the priority document exchange program (PDX) ithe information will be used by the Office to 

automatically attempt retrieval pursuant to 37 CFR 1.55(h)(1) and (2). Under the POX program, applicant bears the ultimate 

responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual 

property office, or a certified copy of the foreign priority application is filed, within the lime period specified in 37 CFR 1.55(g)(1 ). 

I Remove I 

Application Number Country i Filing Date (YYYY-MM-DD) Access Codei (if applicable) 

Additional Foreign Priority Data may be generated within this form by selecting the 
Add button. I Add I 

Statement under 37 CFR 1.55 or 1. 78 for AIA (First Inventor to File) Transition 
Applications 

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also 
D contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March 

16, 2013. 

Authorization to Permit Access: 

~ Authorization to Permit Access to the Instant Application by the Participating Offices 

EFS Web 2.2.6 
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Approved for use through 01/31/2014. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67245US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention HYBRID STITCHING 

If checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO), 
the Japan Patent Office (JPO), the Korean Intellectual Property Office (KIPO), the World Intellectual Property Office (WIPO), 
and any other intellectual property offices in which a foreign application claiming priority to the instant patent application 
is filed access to the instant patent application. See 37 CFR 1.14(c) and (h). This box should not be checked if the applicant 
does not wish the EPO, JPO, KIPO, WIPO, or other intellectual property office in which a foreign application claiming priority 
to the instant patent application is filed to have access to the instant patent application. 

In accordance with 37 CFR 1.14(h)(3), access will be provided to a copy of the instant patent application with respect 
to: 1) the instant patent application-as-filed; 2) any foreign application to which the instant patent application 
claims priority under 35 U.S.C. 119(a)-(d) if a copy of the foreign application that satisfies the certified copy requirement of 
37 CFR 1.55 has been filed in the instant patent application; and 3) any U.S. application-as-filed from which benefit is 
sought in the instant patent application. 

In accordance with 37 CFR 1.14(c), access may be provided to information concerning the date offiling this Authorization. 

Applicant Information: 

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR 
to have an assignment recorded by the Office. 

Applicant 1 I Remove I 
If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed. 
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR 
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person 
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an 
applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient 
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be 
identified in this section. 

I Clear I 
® Assignee lo Legal Representative under 35 U.S.C. 117 lo Joint Inventor 

0 Person to whom the inventor is obligated to assign. 10 Person who shows sufficient proprietary interest 

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

I 

Name of the Deceased or Legally Incapacitated Inventor : I 

If the Applicant is an Organization check here. ~ 
Organization Name I 3M INNOVATIVE PROPERTIES COMPANY 

Mailing Address Information: 

Address 1 P.O. BOX 33427 

Address 2 

City St. Paul State/Province MN 

Country ii us Postal Code 55133-3427 

Phone Number 
I 

Fax Number 

EFS Web 2.2.6 
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U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Attorney Docket Number 67245US004 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention HYBRID STITCHING 

Email Address 

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

Non-Applicant Assignee Information: 

Providing assignment information in this section does not subsitute for compliance with any requirement of part 3 of Tille 37 of CFR to 
have an assignment recorded by the Office. 

Assignee 1 

Complete this section only if non-applicant assignee information is desired to be included on the patent application publication in 
accordance with 37 CFR 1.215(b). Do not include in this section an applicant under 37 CFR 1.46 (assignee. person to whom the 
inventor is obligated to assign, or person who otherwise shows sufficient proprietary interest), as the patent application publication will 
include the name of the applicant(s). 

I Remove I 
If the Assignee is an Organization check here. □ 
Prefix Given Name Middle Name Family Name Suffix 

Mailing Address Information: 

Address 1 

Address 2 

City I State/Province 

Country i I Postal Code 

Phone Number Fax Number 

Email Address 

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

Signature· . Remove 

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

Signature /Lance Vietzke/ Date (YYYY-MM-DD) 2013-08-20 

First Name LANCE I Last Name I VIETZKE Registration Number 36708 

Additional Signature may be generated within this form by selecting the Add button. I Add I 

EFS Web 2.2.6 
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U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

67245US004 Attorney Docket Number 
Application Data Sheet 37 CFR 1.76 

Application Number 

Title of Invention HYBRID STITCHING 

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which 
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This 
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data 
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of lime you require to 
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and 
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR 
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 

EFS Web 2.2.6 
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Privacy Act Statement 

The Privacy Act of 1974 (P .L. 93-579) requires that you be given certain information in connection with your submission of the attached form related to 
a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection 
of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is 
used by the U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not 
furnish the requested information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may 
result in termination of proceedings or abandonment of the application or expiration of the patent. 

The information provided by you in this form will be subject to the following routine uses: 

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.S.C. 552) 
and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine 
whether the Freedom of Information Act requires disclosure of these records. 

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or 
administrative tribunal, including disclosures to opposing counsel in the course of settlement negotiations. 

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an 
individual, to whom the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of 
the record. 

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in 
order to perform a contract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as 
amended, pursuant to 5 U.S.C. 552a(m). 

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, 
as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant to the Patent Cooperation Treaty. 

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security 
review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)). 

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, 
during an inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records 
management practices and programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the 
GSA regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such 
disclosure shall not be used to make determinations about individuals. 

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication of the application pursuan 
to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 
CFR 1.14, as a routine use, to the public if the record was filed in an application which became abandoned or in which the proceedings were 
terminated and which application is referenced by either a published application, an application open to public inspections or an issued 
patent. 

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the 
USPTO becomes aware of a violation or potential violation of law or regulation. 

EFS Web 2.2.6 
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DECLARATION AND POWER OF ATTORNEY, 
FOR lff!UTY OR DESIGN 

PATENT APPLICATION {37 CFR § 1.63) 

0 Dedarniion Submitted 
with Initial Filing 

0 Ocdarntton Submitted afle1 
lnl!ial Filing {surcharge 37 CFR 

. ~-n: a: ..,- o-«,M ··~ 

! Case No: ! 67245US004 

L Firs1 Named. ln~~~·t~~~UiY:§-A:··K-r-i1,;-,e-5-hk-o-.. -... _·--_··_· __ . 

L... GOMf:b~TE iF ~ow~--······--··----......... . 
Applicat,'on No.: 

Filin· Date: 

Confirmation No.: 
U6'e) r uiiced} ---------.......... -..;""""""""'---«-----..... --..... ____ ,_.,.,..,.~---·-·--""""-""'~~--»:-»:-« 

J\._s a be!ow named inventor, ! hereby declare that my residence, mailing address, and citizenship are as s1ated below next to my 
name. and that I believe l am an original, first. and sole inventor (if only one name is !isled below) or an original. first, and joint 
inventor {if plural names are lis1ed be!ow} of the subject matter which is claimed and for which a paten! is sought on the invention 
enlit!ed: c:==--·---~--._-_-_-_===--.. --.. -... -.. __ -j~v·eRfo SJlT~!il.N:q.. . --··········-·. - -·---, ... , .... , .. ~~~~·::.-.·.-.-.·.·.·.·.·.·.·.·.·.~J 
The specification of which 

D is attached hereto; 

0 was flied on 

as United Slates Ap:plicallon No. 

{8j is identified as PC l international .App!icalion No. 

filed on c--·· _February f7Lfo_·1_·2 ____ ~ 
r PCTJUS2012/025554 .. ------. 
L•nn••••••-'••--•••••••-., .. -.-.,-., .......... ..,,., .... - ...... ,nnnnu•••••--• • •••-••-••••-- ' 

I hereby slate that .! h;.nm reviewed and understand the conlents of !he above-identified specification, including the claims, as 
amended by any amendment specffically referred to above. 

l ack:.nowledge the duty to disclose all infonn;:ition known to me to be material to patentability as defined in 37 CFR § 1.56, inc!ud!ng 
for continuation-ln-part applications. rnaleri:al information which became avaUable between the fifing dal.e of !he prior application and 
the national or PCT iotemationa! filing date of the continuation-in-part apphcatiQn_ 

! hereby Claim foreign priority benefits under 35 USC §§ 119(a)-(d) or (f), or 365(b) of any foreign appliealion{s} fof patent inventor's 
or plant breeder's rights certificate(s). or 365{a) of any PCT irHernalion.il application which designated at least one country other !han 
the United Slates of America, listed below and have also identified below, by checking 1he box, any foreign application for patent. 
inventor's or plant breeder's righls certificate{s), or any PCT international application having a filing date before that of !he application 
on whicll priority is claimed, 

l Prior Foreign : l Forel~i1tfl))ng Date Priority NOT z';;~:11fo-,t) C,1py A(l<-1cheo l 

... Applicalion_No _______ .J .......... Country .............. J ___ . (MM/ODJYYYY) G!8,'.~ed j Y~'> ~ ~'.~ ! 
L ......... ________ L ........ _______ ......,.... __ ...... -----············· ------~~°'j~• ____ l ~. , ~ 
1 

-----·--·· J,· ·· _______ ,.__ ____ L''"'·-~'""', ---~·
1·······-u.:. 1 .. Jt_._J 

------------~---------~-............... ,, .......... ___ __. ____ -='---

! hereby appoint Practitioners at Customer Number 32692 as my anomeys and/or agents. with full powers (including the powers of 
appointment, substitution, and revocation) lo pro.secute this application and any division, continuation, contmuallon-in-par!. 
reexamination, or reissue thereof, and to transact all business in the U.S. Patent and Trademark Office connected therewith. 

Customer Number for 
Practitioner of Record: 32692 

! also appoint the following Practitioners as my attorneys and/or agents with fu!I powers (including the powers of appointment, 
substitution, and revocation) to prosecute this applica!ion and any division, continuation. continuation-in-part, reexarninatkm, or 
reissue !hereof. and !o 1ransact all business in the U.S. Patent and Trndemark Office connected therew1.th: None 

Oe:::1,lfa!ion ,mcl Power of Altomey Page 1 012 
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The mamn9 address and the telephone number oi the above-iden!lfied a!1omeys and/or agents are that of Customer No. 32692:. 

lnquiries regarding this application can be made to: 

Attention: lance L Vietzke 
Office of lntellectuaf Property Counsel 
:,M !fff)QvativH Pmpi~rtJ,1,1; C{'.in,p,:i.ny 
Telephone No.: 6fi1-73i'-2Hl0 

I hereby declare !hat a!! statements made herein of my own knowledge are true and that a!I statements made or. information and 
belief are believed to be true; and further that these statements were made with the knowledge that wmful false statements and the 
like so made are punishable by fine or .imprisonment, or both, under 18 USC § i00t and !hat sw::h willful false statements may 
jeopardize the validity of the application or any patent issued !hereon, 

~"-''1.'l.'l.'\11.'<.'1,._,.,,.._.._,._,._.._._"-._.._._._._._,._._._ •---_,,..,,,..,. _________ :-,,'y. ......... V\,"l."l.-..-..,-..,..,_-.,...._-.,.,._.,_._,_,,._-.,..,._,._,,._"-A,',.._..:,..-.:-,:-,-..-.:-<"°',,:-<-<=""'°""«««-=>«,W¢h=o;;;;~<,~·•;•;<,,...._ 

L ................. ~~~~~:. {)f __ ~~~~~,~~,: __ '.~~~,~,~~~.:-~~-~~.~:...... I D A petition has been filed for this unsigned inventor. I 
( Given Name {first and midctlii H ;m:;l): 1 Family Name or ~,umarne: •: I Benjamin I Frantzdale I ! lrh'fmtt,,1,·s{io_a_lu_re_: -----~ ..... ,,.,,,,,,, ........ _____ .,__ ___________ .,...,I Da!e: ) 

~ :x 
~ t 
i-----------~~-------~· ' ~ Residem:e: ! Counlry: l c;Hz.enship: · · 1 
f Shrewsbury, Massachusetts l USA I United States of America ) I 1-..t;:;ling Address: _______ ,. ..... ,,,,,,,, ... ,, .. ,,,, ........... .l,.._ ___________ ~i ----

LP. O. Box 3:3427, St Paul., Mi~:::,~:"::~,33:342.:: .. ~~=~A-~----,.,,,,.,-~----------""""'"''"""""""'"'"""""'----·.,·-,j 

Dwlarallon and Power ot Attomey Page 2 of 2 Cas~ No.. 67245US004 
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DEClARA TION AND POWER Of ATTORNEY, 
FOR UTILITY OR DESIGN 

PATENT APPLICATION {37 CFR § 1.63) 

I Case No J 67245US004 

[Zl O&!arelion Submitted 
with lrlitlal Filing 

0 Declaration Submitted after ! Fmnu Date: ! 
Initial Filing (surcharge 37 CFR ! C ---~...___ati __ ....... -N--+--~~----~----~ 
§ 1.16{e) required) i . on mn on o .. 

As a below named inventor, I hereb~• declare that my resklence. mailing address, and cili1:enship are ss sta!oo bekl:w next to my 
name, and that l believe .I am an original, first, and sole inventor (if only 0t1e name is listed below} or an original, firs!, and joint 
inventor (if plural names are llsied below) of !he subject matter which is, cl:aimect and for .... <tilch a patent is sought on the irwenfam 
entitled· 

The sp1;1dllcalloiwf whk:h 

0 iS .attached hereto: 

□ was fifed on r-· 
------···················---------~...... ,,,,,--, 

as United States App;;;;;;i:011 No. 1-----~---------------' 
~ is identified as PCT lntemational Application No. PCT/US.2012/025554 ---~ 

filed en February 17, 2012 ......................... ! 
and was amended on 

I homey state that l have revlewert an-d understand the Cilntenls of the abo11e-identified specification. inci1.Jding the claims, as 
amended by ally amendment specificaily referred to above. 

, acknowledge Iha duly to dfsciose al! information known to l'l1(l to be materia! to pa:tentabihiy as denned in 37 CFR: § 1,56, inc!udlng 
for contini:ra!ion-m-par1 app!icatio11s, materlai information which became available between !he filing date of !tie prior application anc 
the natioMI or PCT international filing date oflhe co11linuation•itl-part application. 

, hereby cfalm foreign priority bengfits um:ier 35 USC §§ 119(a!"(d) or (f), 1x 365(b) of any foreign appllcation{s) fur patent imron!or's. 
or plant breeders rights cartmcate{s), or 36S{a) of any PCT i11ternaliona! application which des;gnaied al !east one couritry other than 
the United States of America, listed below and have also identified below. by checking the box, any foreign app!icaticn for oaten!. 
im•efltoYs or plant breeder's rights oortilicate(s,\, or any PCT international application having a filing date before that of the appiicat:on 
oo which priority is claimed. 

Prior Foreign j I Foreign Filing Date Priority NOT Cert>ftectC01:i'\, Atw,:.,t1fid 

_Ap_pi~ica_tio_n_No_.~ _,. ...... C-Ou~_t'::,_. ____ -+j __ (M_MID __ D_IYYYY) -~:3~ct . y~ ~.~ 
7 ~~~~,~-=~u~-~•------- ~•{-•~ ----+-- ~.._-. 

--------·--------·::·:~: .. -.. ·-·-··-·~i __ -_--~_--_--······_·-· -·~! ____ ~···1·············-_=8=· --~~B=-·==-=-~~-□-1-=-..-
! hereby appoint Practitioners at Customer Number 32692 as my attorneys andior agents with ful! powers (tnciuoing I.he powarn of 
appointment, sul:lstitution. and revocation} to prosecute this application and any division, cont\nuatlon, continul!tlr;n-in-part, 
ree:<amination. or reissue thereof, and to transact all business in the U.S. Patent and Tradema!ic Office co1mected therewith. 

Customer Number for 
Practitioner of Record: 32692 

I also appoint the following Practitioners as my attorneys andicr agents with fult powers (including the powers of appointment, 
s.ubstitutio11, .and re.vocation) to prosecute t11,s appf!calion and any division. conbn1Jation, continuation-in-part, ree)(amina!km, or 
reissue thereof, and to transact all business ill :the U.S. Pate11t and Trademalil. Office connected therewith: None 

lleclmaHon and Pu,-.er ot Attomer Page 1 ot2 
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The mailing add~ss and the le!ep!lone oomber of the above-identified artomeys and/or agents are !hat of Customer No. 32692. 

lr1quirias regarding this application ran be made to'. 

Attention: Lance l. Vietzke 
Offlce of !nteliectua! Property Counsel 
3M Innovative Properties Company 
Telephone No.: 651-737-2180 

I .hereby declare that all statements ma.de herein of rny own knowledga me !rue ar1d that ell statements made on !nformsiiOn and 
belief are nelieved to oo true; and further that these sta:!ements were made with the !1.11owJedg.a that willful false state!\'1ertts ;lr.d the 
like so made are punishable by fme or imprisonment, or both, under i8 USC § 1001 and that such willful false statements may 
jeopardize the validity offue application or ,my patet}t issued thereon. 

NAME OF SOLE OR flRSl INVENTOR: CJ Ap~tit1on has bee11 filt:Jd tor this unsigned inventor. 

GlvRn Name {!irsl afltl ,t\!dle [if i!nyj): 
llya A. 

········-·······-··· ....... /... . ....... ··-~--~~~'-••·· ·······-·······-··--········· ·----
Kriveshko 

1 
Fam!y Name w S1,Jmame: 

·--~-------~-~---···· ·------------------------------ -·-re-:--· 
Residac;~~: 
Littleton, Massaehvsetts 

-M~fffng Adrfr~r;;3: ~--~·-··"·-··--

P.O. Box 3:3427, St PauL Minnesota 5513]-3427, USA 

NAME OF JOINT INVENTOR, !F ANY: 

Given Name (firnt and midrJh, !it any])". 

~njamin 

ln~ento,'s sign2i!-tlm: 
·- 4/:-, 

/ _'.,,..L /07 
Residence'. · 

Shrewsbury, Massachusetts 

Marn1ig Mdress: 
P.O. Box 33427, St Paul, Minnesota 55133·3427, USA 

OooaratiO!l and Po-.r of Attorney 

I 

D A pe!ition has bean ftla<:l fa, this unsigned inventor_ 

Family Name' or Sum>'!me: 

FrantzdaJe 

\ Citizenship: I United States of America 

Page2of2 Case "-!(.<.. 67245t!SC()4 
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Electronic Patent Application Fee Transmittal 

Application Number: 

Filing Date: 

Title of Invention: HYBRID STITCHING 

First Named Inventor/Applicant Name: ILYA KRIVESHKO 

Filer: Robert V. Heiti/ ANGELA ZONTELLI 

Attorney Docket Number: 67245US004 

Filed as Large Entity 

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

Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Basic Filing: 

National Stage Fee 1631 1 280 280 

Natl Stage Search Fee - Report provided 1642 1 480 480 

National Stage Exam - all other cases 1633 1 720 720 

Pages: 

Claims: 

Claims in excess of 20 1615 4 80 320 

Independent claims in excess of 3 1614 1 420 420 

Miscellaneous-Filing: 
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Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Petition: 

Patent-Appeals-and-Interference: 

Post-Allowance-and-Post-Issuance: 

Extension-of-Time: 

Miscellaneous: 

Total in USD ($) 2220 
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Electronic Acknowledgement Receipt 

EFSID: 16631359 

Application Number: 14000442 

International Application Number: PCT/USl 2/25554 

Confirmation Number: 8005 

Title of Invention: HYBRID STITCHING 

First Named Inventor/Applicant Name: ILYA KRIVESHKO 

Customer Number: 32692 

Filer: Robert V. Heiti/ ANGELA ZONTELLI 

Filer Authorized By: Robert V. Heiti 

Attorney Docket Number: 67245US004 

Receipt Date: 20-AUG-2013 

Filing Date: 

Time Stamp: 12:02:02 

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

Payment information: 

Submitted with Payment yes 

Payment Type Deposit Account 

Payment was successfully received in RAM $2220 

RAM confirmation Number 9355 

Deposit Account 133723 

Authorized User 

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

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

Charge any Additional Fees required under 37 C.F.R. Section 1.17 (Patent application and reexamination processing fees) -176-



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

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

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

File Listing: 

Document 
Document Description File Name 

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

109888 

1 Transmittal of New Application Transmittal_67245US004.PDF no 2 
5353a770989949d6d006bb99117b6fbbc3 

4f75af 

Warnings: 

Information: 

1503473 

2 Application Data Sheet ADS_67245US004.PDF no 7 
2345bae90ec4163b1 a4c0a3d05a427f1 6e2 

7fe5a 

Warnings: 

Information: 

986599 

3 Oath or Declaration filed 
DeclarationSigned_67245US00 

no 4 
4.PDF 

9cb2b4 5 e4a3 c06a54 77 e 25 Oa 73f70 72 63a2 
b8e70 

Warnings: 

Information: 

38021 

4 Fee Worksheet (SB06) fee-info.pdf no 2 
6f77b 1 b2e51 e7b98b 1 b4e3f8380a2d87ad2 

5928a 

Warnings: 

Information: 

Total Files Size (in bytes) 2637981 

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

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

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

New International A~~lication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 O), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/RO/1 OS) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 
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PCT/US 12/25554 

67245W0003 

PCT REQUEST 

0-4-1 

0-5 

0·6 

0-7 

! 

ti 

H-7 

ll-8 

H-9 

m-1 

HH-2 

\Form ?CTIRO!10'i PCT Request 

Prepared: Using 

Petitlon 

The understgried requesls that 1he 
present international application be 
processed according to the Pat;3nt 
Cooperation Treat\/ 

Receiving Officf! {speclfie,d by the 
applicant} 

jAppUcanfs o, agent's file reference 

Title of Invention 

!Appllc;.mt 
\Thls person is 

\ Applicant for 

[Name 

\A,kiress 

Slate of nationaMy 

Telephone No. 

F.,csimile No. 

Applicant and/or lnventor 
This person :s 

l
'App!ic,ml for 

Name (LAST. flrsO 

iAdoress 

1/4 

Original (fur SUS!',1USSJON ) 

PCT-SAFE [EASY mode] 
Version 3.51,053 .. 229 M:r/FOP 
]20120101/0. 20. 5 .19 

United States Patent and 'I'rademark 
Office (USPTO) {RO/US) 
'67245WO003 
HYBRID STITCHING 

'\Applicant only 
All designated States except OS 
!3M INNOVATIVE PROPERTIES COMPANY 

l3M Center 
Post Office Box 33427 
·1'Saint. Paul~ Minnesota 55133-3427 
United States of America 
,US 

1~=51} 733-1500 
! 
l(651) 736-7586 

Applicant and inventor 
ius only 
\KRIVESHKOK I. lya A., 
186 Foster Street 
1Littleton, Massachusetts 01460 
United States of America 

m-Hl )Stale DI naHona!!ty US 

1H-1~~-----jstate ~:.!:~~ldenc: _________________________ j~-~--------.. ·-------------------•------.... --------------- ---·--· .. -----------------.---•--·--·---
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PCT/US 12/25554 

67245WO003 

PCT REQUEST 

llt•2 
1!1,~~-1 

llf-2-2 

m.2-4 

H!-2-5 

Hl-2-6 

Hl-1-7 

IV-1 

lV-1-1 

VH-1 

v, .. 1-2 

Applicant and/or inventor 
This person ts 

Applicant for 

Narne {LAST. First) 

Address 

Statr1 of nationality 
1 
State oi residence 

Agent or common representative; or 
address fo, correspor;dem,e 
The person identified below is hereby/ 
has been appoir,ted to acl on bei-iaff of 
Hie appHcanl(s} befoce the conipetent 
ln!ernationai Authorities as: 
N,rnie {LAST, First} 

Address 

·1TelephoriB No. 

facs;mfle No. 

\Agent's reg,stration No. 

Addltional ageotls) 

IOES!GNATIONS 
; The filing of this request coru;Ututos 
under Rule 4.9(a), the designation of 
al! Contr.icting States bound hy the 
PCT on the international fUing date, 
for the grant of every kfad of 
'protection evai!ab!e and, wh,;,re 
applicabl,;,, for the grant of both 
regional and national patent$. 
Priority claim of earlier national 
,application 
Filing date 

Number 

,couritiy 

214 

Applicant and inventor 
US only 
iFRANTZDALE, Benj a.min 
21 Wormwood Street 
No. 420 
Boston, Massachusetts 02421 
,United States of America 
·us 
us 

Agent 

'VIETZKE:, Lance L., 

3M Center Office of Intellectual 
Property Counsel Post Office Box 33427 
Saint Paul, Minnesota 55133-3427 
'United States of America 
(651} 737-2180 
(651) 736-7586 
36708-
additional agent{s) with same address as 
first named a.9~m.t 

'RHODES, Kevin H., {421.02}; BLANK, Colene 
B. ~ (41056); FLORCZAK, Yen Tong, {451.63); 
HARTS, Dean M. , (47634); LITTLE, Douglas 
'B~,{28439}; MAl<I, Eloise J,,{33.418}; 

!
MILLER,. William D., (37988}; OLSON, Peter 
L., (35308); RINGSRED, Ted K. F (35658}; 
\SKOLNICK, Steven E., (33789); SPRAGUE4 
!Robert W., (30497) 

1

12 2 February 
61/445~464 
\us 

2011 {22 0 02 0 2011) 
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PCT/US 12/25554 

67245WO003 

PCTREQUESt 
3/4 

Vl-3 

vm 
Vll!-i 

vm-2 

Vllf-4 

Orlgina! {for SUBMISSION ) 

Priority document request 

The receiving omco js requested !O v:r J. 
prepare and transmH 10 the International -
Bureau a .c;ert:fied copy of !he ea;lier 

,application(s} identified above as 
mem(s): 

lncorpol'ation by r-eference: 

•Nhere an element of the tn!ernat;ona! 
app,ica!ion referred to in t;rticle 
11{1 ){iii)(d) or {e} or a part of lhe 

1oescrlptkrn, tlaims or drawings ,~fen.id 
to in Rl.;le 20.5(aJ is not oU;erwise 
contained in this international application 
!::.H,i is completely O-'ntairioo 1n ar, earHer 
application whose priority ls dalwed on , 
lhe date ,:m which one or more elements 
re.!erred !o in Article 11 ( i }(iii} wt,m fast 
received by the receiving Office, that 
e!ernefll or µart is, .subjer;t to confir­
ma11011 wider Rule 20.f.l, lncorpota.ed by' 
reference in lhls internat,ona, ap;ilicalion . 
'for the purposes of Rule 2D.6. 

International Searching Authority 

1
cnosen 

Korean Intellectual 
, (ISA/KR) 
l 

Dedarallcm as to the applicant's 
entitlement_ as at the intemational rn,ng 

,date. to apply for and be granted a 
lpatent j 

O>,c!aratlon as to the appl1canfs 
etllillement, m, at the intematio!lal fiHng 

\date. to c!alm the p.riorily of the earlier , 

appHcation ·---------- 1 

Property Office 

I 
VHh-5 

.Dec!armion •Of [nv.en!OfS. hf.p (only for they-.. 
purposes of the de,;ignation of the 
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FIELD OF INVENTION 

HYBRID STITCHING 
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67245US002 

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

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

surface. 

BACKGROUND 

[0002] In one technique for three-dimensional image reconstruction, a number 

of images or image sets of an object are captured with a camera that travels in a path over 

the surface of the object. A three-dimensional model of the object can then be obtained 

from a description of the camera path and individual three-dimensional measurements 

captured along the camera path. In certain applications, data from a surface of an object is 

available in multiple, disparate data sets, such as where a scan is interrupted prior to 

completion or where additional scans are performed to augment an initial scan. The 

resulting multiple models can be registered to one another to obtain a combined model. 

·while conventional registration techniques can minimize an error in alignment between 

two such resulting models, this approach does not afford an opportunity to refine the 

individual models in view of the combined data. 

[0003] There remains a need for improved techniques to combine disparate 

three-dimensional data sets, particularly disparate data sets based upon a path of poses of 

a three-dimensional scanner. 

SUMMARY 

[0004] In a system or method where three-dimensional data is acquired as a 

sequence of frames of data along a camera path, disparate sequences are related to one 

another through a number of geometric stitches obtained by direct registration of three­

dimensional data between frames in the disparate sequences. These geometric stitches are 

then used in addition to or in place of other camera path relationships to form a single 

virtual stitch graph for the combined model, upon which an integrated global path 

optimization can be performed. 
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[0005] The invention and the following detailed description of certain 

embodiments thereof may be understood by reference to the following figures. 

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

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

dimensional scanner. 

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

from a video scanner. 

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

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

a software tool. 

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

[0012] Fig. 7 is a flow chart of a three-dimensional reconstruction process 

including global path optimization for improved accuracy. 

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

numerical optimization. 

[0014] Fig. 9 is a flow chart of a hybrid stitching process for combining 

disparate three-dimensional scans of a common surface. 

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

DETAILED DESCRIPTION 

[0016] In the following text, references to items in the singular should be 

understood to include items in the plural, and vice versa, unless explicitly stated 

otherwise or clear from the text. Grammatical conjunctions are intended to express any 

and all disjunctive and conjunctive combinations of conjoined clauses, sentences, words, 

and the like, unless otherwise stated or clear from the context. 

[0017] In the systems and methods described herein, a number of techniques 

for global motion optimization are employed to improve accuracy of three-dimensional 

reconstructions based upon camera path. 
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[0018] The following description details specific scanning technologies and 

focuses on dental applications of three-dimensional imaging; however, it will be 

appreciated that variations, adaptations, and combinations of the methods and systems 

below will be apparent to one of ordinary skill in the art. For example, while an image­

based system is described, non-image based scanning techniques such as infrared time­

of-flight techniques or structured light techniques using patterned projections may 

similarly employ reconstruction based on camera path that may benefit from the 

improvements described herein. As another example, while digital dentistry is one useful 

application of the improved accuracy that results from the techniques described herein, 

global path optimization may also usefully be employed to refine three-dimensional 

animation models or three-dimensional scans for machine vision applications or for 

mapping applications. All such variations, adaptations, and combinations are intended to 

fall within the scope of this disclosure. 

[0019] In the following description, the term "image" generally refers to a 

two-dimensional set of pixels fonning a two-dimensional view of a subject within an 

image plane. The term "image set" generally refers to a set of related two-dimensional 

images that might be resolved into three-dimensional data. The term "point cloud" 

generally refers to a three-dimensional set of points forming a three-dimensional view of 

the subject reconstructed from a number of two-dimensional images. In a three­

dimensional image capture system, a number of such point clouds may also be registered 

and combined into an aggregate point cloud constructed from images captured by a 

moving camera. Thus it will be understood that pixels generally ref er to two-dimensional 

data and points generally refer to three-dimensional data, unless another meaning is 

specifically indicated or clear from the context. 

[0020) The terms "three-dimensional model", "three-dimensional surface 

representation", "digital surface representation", "three-dimensional surface map", and 

the like, as used herein, are intended to refer to any three-dimensional surface map of an 

object, such as a point cloud of surface data, a set of two-dimensional polygons, or any 

other data representing all or some of the surface of an object, as might be obtained 

through the capture and/or processing of three-dimensional scan data, unless a different 

meaning is explicitly provided or otherwise clear from the context. A "three-dimensional 
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representation" may include any of the three-dimensional surface representations 

described above, as well as volumetric and other representations, unless a different 

meaning is explicitly provided or otherwise clear from the context. 

[0021] In general, the terms "render" or "rendering" refer to a two­

dimensional visualization of a three-dimensional object, such as for display on a monitor. 

However, it will be understood that a variety of three-dimensional rendering technologies 

exist, and may be usefully employed with the systems and methods disclosed herein. For 

example, the system and methods described herein may usefully employ a holographic 

display, an autostereoscopic display, an anaglyph display, a head-mounted stereo display, 

or any other two-dimensional and/or three-dimensional display. As such, rendering as 

described herein should be interpreted broadly unless a narrower meaning is explicitly 

provided or otherwise clear from the context. 

[0022] The term "dental object", as used herein, is intended to refer broadly to 

subject matter related to dentistry. This may include intraoral structures such as dentition, 

and more typically human dentition, such as individual teeth, quadrants, full arches, pairs 

of arches (which may be separate or in occlusion of various types), 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, 

composites, and various substructures such as copings and the like, as well as temporary 

restorations for use while a permanent restoration is being fabricated. Dental objects may 

also include a "prosthesis" that replaces dentition with removable or permanent 

structures, such as dentures, partial dentures, implants, retained dentures, and the like. 

Dental objects may also include "appliances" used to correct, align, or otherwise 

temporarily or permanently adjust dentition, such as removable orthodontic appliances, 

surgical stents, bruxism appliances, snore guards, indirect bracket placement appliances, 

and the like. Dental objects may also include "hardware" affixed to dentition for an 

extended period, such as implant fixtures, implant abutments, orthodontic brackets, and 
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other orthodontic components. Dental objects may also include "interim components" of 

dental manufacture such as dental models (full and/or partial), wax-ups, investment 

molds, and the like, as well as trays, bases, dies, and other components employed in the 

fabrication of restorations, prostheses, and the like. Dental objects may also be 

categorized as natural dental objects such as the teeth, bone, and other intraoral structures 

described above or as artificial dental objects such as the restorations, prostheses, 

appliances, hardware, and interim components of dental manufacture as described above. 

[0023] Terms such as "digital dental model", "digital dental impression" and 

the like, are intended to refer to three-dimensional representations of dental objects that 

may be used in various aspects of acquisition, analysis, prescription, and manufacture, 

unless a different meaning is otherwise provided or clear from the context. Terms such as 

"dental model" or "dental impression" are intended to refer to a physical model, such as a 

cast, printed, or otherwise fabricated physical instance of a dental object. Unless 

specified, the term "model", when used alone, may refer to either or both of a physical 

model and a digital model. 

[0024] It will further be understood that terms such as "tool" or "control", when 

used to describe aspects of a user interface, are intended to refer generally to a variety of 

techniques that may be employed within a graphical user interface or other user interface 

to receive user input that stimulates or controls processing including without limitation 

drop-down lists, radio buttons, cursor and/or mouse actions (selections by point, 

selections by area, drag-and-drop operations, and so forth), check boxes, command lines, 

text input fields, messages and alerts, progress bars, and so forth. A tool or control may 

also include any physical hardware relating to the user input, such as a mouse, keyboard, 

display, keypad, track ball, and/or any other device that receives physical input from a 

user and converts the physical input into an input for use in a computerized system. Thus 

in the following description the terms "tool", "control" and the like should be broadly 

construed unless a more specific meaning is otherwise provided or clear from the context. 

[0025] Fig. 1 depicts a three-dimensional scanning system that may be used 

with the systems and methods described herein. In general, the system 100 may include a 

scanner 102 that captures images from a surface 106 of an object 104, such as a dental 

patient, and forwards the images to a computer 108, which may include a display 110 and 
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one or more user-input devices 112, 114 such as a mouse 112 or a keyboard 114. The 

scanner l 02 may also include an integrated input or output device 116 such as a control 

input (e.g., button, touchpad, thumbwheel, etc.) or a display (e.g., LCD or LED display) 

to provide status information. 

[0026] The scanner 102 may include any camera or camera system suitable for 

capturing images from which a three-dimensional point cloud or other three-dimensional 

data may be recovered. For example, the scanner 102 may employ a multi-aperture 

system as disclosed in U.S. Pat. No. 7,372,642 to Rohaly et al., the entire content of 

which is incorporated herein by reference. While Rohaly discloses one multi-aperture 

system, it will be appreciated that any multi-aperture system suitable for reconstructing a 

three-dimensional point cloud from a number of two-dimensional images may similarly 

be employed. In one multi-aperture embodiment, the scanner 102 may include a plurality 

of apertures including a center aperture positioned along a center optical axis of a lens 

that provides a center channel for the scanner 102, along with any associated imaging 

hardware. Tn such embodiments, the center channel may provide a conventional video 

image of the scanned subject matter, while a number of axially offset channels yield 

image sets containing disparity information that can be employed in three-dimensional 

reconstruction of a surface. In other embodiments, a separate video camera and/or 

channel may be provided to achieve the same result, i.e., a video of an object 

corresponding temporally to a three-dimensional scan of the object, preferably from the 

same perspective, or from a perspective having a fixed, known relationship to the 

perspective of the scanner 102. The scanner 102 may also, or instead, include a 

stereoscopic, triscopic or other multi-camera or other configuration in which a number of 

cameras or optical paths are maintained in fixed relation to one another to obtain two­

dimensional images of an object from a number of different perspectives. The scanner 

102 may include suitable processing for deriving a three-dimensional point cloud from an 

image set or a number of image sets, or each two-dimensional image set may be 

transmitted to an external processor such as contained in the computer 108 described 

below. In other embodiments, the scanner 102 may employ strnctured light, laser 

scanning, direct ranging, or any other technology suitable for acquiring three-dimensional 

data, or two-dimensional data that can be resolved into three-dimensional data. While the 
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techniques described below can usefully employ video data acquired by a video-based 

three-dimensional scanning system, it will be understood that any other three­

dimensional scanning system may be supplemented with a video acquisition system that 

captures suitable video data contemporaneously with, or otherwise synchronized with, the 

acquisition of three-dimensional data. 

[0027] In one embodiment, the scanner 102 is a handheld, freely-positionable 

probe having at least one user-input device 116, such as a button, lever, dial, thumb 

wheel, switch, or the like, for user control of the image capture system l 00 such as 

starting and stopping scans. In an embodiment, the scanner 102 may be shaped and sized 

for dental scanning. More particularly, the scanner may be shaped and sized for intraoral 

scanning and data capture, such as by insertion into a mouth of an imaging subject and 

passing over an intraoral surface 106 at a suitable distance to acquire surface data from 

teeth, gums, and so forth. The scanner 102 may, through such a continuous data 

acquisition process, capture a point cloud of surface data having sufficient spatial 

resolution and accuracy to prepare dental objects such as prosthetics, hardware, 

appliances, and the like therefrom, either directly or through a variety of intermediate 

processing steps. In other embodiments, surface data may be acquired from a dental 

model such as a dental prosthetic, to ensure proper fitting using a previous scan of 

corresponding dentition, such as a tooth surface prepared for the prosthetic. 

[0028] Although not shown in Fig. 1, it will be appreciated that a number of 

supplemental lighting systems may be usefully employed during image capture. For 

example, environmental illumination may be enhanced with one or more spotlights 

illuminating the object 104 to speed image acquisition and improve depth of field (or 

spatial resolution depth). The scanner 102 may also, or instead, include a strobe, flash, or 

other light source to supplement illumination of the object 104 during image acquisition. 

[0029] The object 104 may be any object, collection of objects, portion of an 

object, or other subject matter. More particularly with respect to the dental techniques 

discussed herein, the object 104 may include human dentition captured intraorally from a 

dental patient's mouth. A scan may capture a three-dimensional representation of some or 

all of the dentition according to particular purpose of the scan. Thus the scan may capture 

a digital model of a tooth, a quadrant of teeth, or a full collection of teeth including two 

Page 7 of 40 
-204-



EFS Web PATENTS 
67245US002 

opposing arches, as well as soft tissue or any other relevant intraoral structures. The scan 

may capture multiple representations, such as a tooth surface before and after preparation 

for a restoration. As will be noted below, this data may be employed for subsequent 

modeling such as designing a restoration or determining a margin line for same. During 

the scan, a center channel of the scanner 102 or a separate video system may capture 

video of the dentition from the point of view of the scanner 102. In other embodiments 

where, for example, a completed fabrication is being virtually test fitted to a surface 

preparation, the scan may include a dental prosthesis such as an inlay, a crown, or any 

other dental prosthesis, dental hardware, dental appliance, or the like. The object 104 may 

also, or instead, inc1ude a dental mode], such as a plaster cast, wax-up, impression, or 

negative impression of a tooth, teeth, soft tissue, or some combination of these. 

[0030] The computer 108 may include, for example, a personal computer or 

other processing device. In one embodiment, the computer 108 includes a personal 

computer with a dual 2.8GHz Opteron central processing unit, 2 gigabytes of random 

access memory, a TYAN Thunder K8WE motherboard, and a 250 gigabyte, 10,000 rpm 

hard drive. In one current embodiment, the system can be operated to capture more than 

five thousand points per image set in real time using the techniques described herein, and 

store an aggregated point cloud of several million points. Of course, this point cloud may 

further processed to accommodate subsequent data handling, such as by decimating the 

point cloud data or generating a corresponding mesh of surface data. As used herein, the 

term "real time" means generally with no observable latency between processing and 

display. In a video-based scanning system, real time more specifically refers to 

processing within the time between frames of video data, which may vary according to 

specific video technologies between about fifteen frames per second and about thirty 

frames per second. More generally, processing capabilities of the computer 108 may vary 

according to the size of the object 104, the speed of image acquisition, and the desired 

spatial resolution of three-dimensional points. The computer 108 may also include 

peripheral devices such as a keyboard 114, display 110, and mouse 112 for user 

interaction with the camera system 100. The display 110 may be a touch screen display 

capable of receiving user input through direct, physical interaction with the display 110. 
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In another aspect, the display may include an autostereoscopic display capable of 

displaying stereo images. 

[0031] Communications between the computer 108 and the scanner 102 may 

use any suitable communications link including, for example, a wired connection or a 

wireless connection based upon, for example, IEEE 802.11 (also known as wireless 

Ethernet), Blue Tooth, or any other suitable wireless standard using, e.g., a radio 

frequency, infrared, or other wireless communication medium. In medical imaging or 

other sensitive applications, wireless image transmission from the scanner 102 to the 

computer 108 may be secured. The computer 108 may generate control signals to the 

scanner 102 which, in addition to image acquisition commands, may include 

conventional camera controls such as focus or zoom. 

[0032) In an example of general operation of a three-dimensional image capture 

system 100, the scanner 102 may acquire two-dimensional image sets at a video rate 

while the scanner 102 is passed over a surface of the subject. The two-dimensional image 

sets may be forwarded to the computer 108 for derivation of three-dimensional point 

clouds. The three-dimensional data for each newly acquired two-dimensional image set 

may be derived and fitted or "stitched" to existing three-dimensional data using a number 

of different techniques. Such a system employs camera motion estimation to avoid the 

need for independent tracking of the position of the scanner 102. One useful example of 

such a technique is described in cornmonly-mvned U.S. App. No. 11/270,135, filed on 

November 9, 2005, the entire content of which is incorporated herein by reference. 

However, it will be appreciated that this example is not limiting, and that the principles 

described herein may be applied to a wide range of three-dimensional image capture 

systems. 

[0033) The display 110 may include any display suitable for video or other rate 

rendering at a level of detail corresponding to the acquired data. Suitable displays include 

cathode ray tube displays, liquid crystal displays, light emitting diode displays and the 

like. In general, the display 110 may be operatively coupled to, and capable of receiving 

display signals from, the computer 108. This display may include a CRT or flat panel 

monitor, a three-dimensional display (such as an anaglyph display), an autostereoscopic 

three-dimensional display or any other suitable two-dimensional or three-dimensional 
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rendering hardware. In some embodiments, the display may include a touch screen 

interface using, for example capacitive, resistive, or surface acoustic wave (also referred 

to as dispersive signal) touch screen technologies, or any other suitable technology for 

sensing physical interaction with the display 110. 

[0034] The system 100 may include a computer-usable or computer-readable 

medium. The computer-usable medium 118 may include one or more memory chips ( or 

other chips, such as a processor, that include memory), optical disks, magnetic disks or 

other magnetic media, and so forth. The computer-usable medium 118 may in various 

embodiments include removable memory (such as a USB device, tape drive, external 

hard drive, and so forth), remote storage (such as network attached storage), volatile or 

non-volatile computer memory, and so forth. The computer-usable medium 118 may 

contain computer-readable instructions for execution by the computer 108 to perform the 

processes described herein such as the process described in detail with reference to Fig. 3. 

The computer-usable medium 118 may also, or instead, store data received from the 

scanner 102, store a three-dimensional model of the object 104, store computer code for 

rendering and display, and so forth. 

[0035] Fig. 2 depicts an optical system 200 for a three-dimensional scanner that 

may be used with the systems and methods described herein, such as for the scanner 102 

described above with reference to Fig. 1. 

[0036] The optical system 200 may include a primary optical facility 202, 

which may be employed in any kind of image processing system. In general, a primary 

optical facility refers herein to an optical system having one optical channel. Typically, 

this optical channel shares at least one lens, and has a shared image plane within the 

optical system, although in the following description, variations to this may be explicitly 

described or otherwise clear from the context. The optical system 200 may include a 

single primary lens, a group of lenses, an object lens, mirror systems (including 

traditional mirrors, digital mirror systems, digital light processors, or the like), confocal 

mirrors, and any other optical facilities suitable for use with the systems described herein. 

The optical system 200 may be used, for example in a stereoscopic or other multiple 

image camera system. Other optical facilities may include holographic optical elements 

or the like. In various configurations, the primary optical facility 202 may include one or 
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more lenses, such as an object lens (or group oflenses) 202b, a field lens 202d, a relay 

lens 202f, and so forth. The object lens 202b may be located at or near an entrance pupil 

202a of the optical system 200. The field lens 202d may be located at or near a first 

image plane 202c of the optical system 200. The relay lens 202f may relay bundles of 

light rays within the optical system 200. The optical system 200 may further include 

components such as aperture elements 208 with one or more apertures 212, a refocusing 

facility 210 with one or more refocusing elements 204, one or more sampling facilities 

218, and/or a number of sensors 214a, 214b, 214c. 

[0037] The optical system 200 may be designed for active wavefront sampling, 

which should be understood to encompass any technique used to sample a series or 

collection of optical data from an object 220 or objects, including optical data used to 

help detect two- or three-dimensional characteristics of the object 220, using optical data 

to detect motion, using optical data for velocimetry or object tracking, or the like. Further 

details of an optical system that may be employed as the optical system 200 of Fig. 2 are 

provided in U.S. Pat. No. 7,372,642, the entire content of which is incorporated herein by 

reference. More generally, it will be understood that, while Fig. 2 depicts one 

embodiment of an optical system 200, numerous variations are possible. On salient 

feature of the optical system related to the discussion below is the use of a center optical 

channel that captures conventional video or still images at one of the sensors 214b 

concurrent with various offaet data (at, e.g., 214a and 214c) used to capture three­

dimensional measurements. This center channel image may be presented in a user 

interface to permit inspection, marking, and other manipulation by a user during a user 

session as describe below. 

[0038] Fig. 3 shows a three-dimensional reconstruction system 300 employing a 

high-speed pipeline and a high-accuracy pipeline. In general, the high-speed processing 

pipeline 330 aims to provide three-dimensional data in real time, such as at a video frame 

rate used by an associated display, while the high-accuracy processing pipeline 350 aims 

to provide the highest accuracy possible from scanner measurements, subject to any 

external computation or time constraints imposed by system hardware or an intended use 

of the results. A data source 310 such as the scanner 102 described above provides image 

data or the like to the system 300. The data source 310 may for example include 
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hardware such as LED ring lights, wand sensors, a frame grabber, a computer, an 

operating system and any other suitable hardware and/or software for obtaining data used 

in a three-dimensional reconstruction. Images from the data source 310, such as center 

channel images containing conventional video images and side channels containing 

disparity data used to recover depth information may be passed to the real-time 

processing controller 316. The real-time processing controller 316 may also provide 

camera control information or other feedback to the data source 310 to be used in 

subsequent data acquisition or for specifying data already obtained in the data source 310 

that is needed by the real-time processing controller 316. Full resolution images and 

related image data may be retained in a full resolution image store 322. The stored 

images may, for example, be provided to the high-accuracy processing controller 324 

during processing, or be retained for image review by a human user during subsequent 

processing steps. 

[0039] The real-time processing controller 316 may provide images or frames 

to the high-speed (video rate) processing pipeline 330 for reconstruction of three­

dimensional surfaces from the two-dimensional source data in real time. In an exemplary 

embodiment, two-dimensional images from an image set such as side channel images, 

may be registered by a two-dimensional image registration module 332. Based on the 

results of the two-dimensional image registration, a three-dimensional point cloud 

generation module 334 may create a three-dimensional point cloud or other three­

dimensional representation. The three-dimensional point clouds from individual image 

sets may be combined by a three-dimensional stitching module 336. Finally, the stitched 

measurements may be combined into an integrated three-dimensional model by a three­

dimensional model creation module 338. The resulting model may be stored as a high­

speed three-dimensional model 340. 

[0040] The high-accuracy processing controller 324 may provide images or 

frames to the high-accuracy processing pipeline 350. Separate image sets may have two­

dimensional image registration performed by a two-dimensional image registration 

module 352. Based on the results of the two-dimensional image registration a three­

dimensional point cloud or other three-dimensional representation may be generated by a 

three-dimensional point cloud generation module 354. The three-dimensional point 
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clouds from individual image sets may be connected using a three-dimensional stitching 

module 356. Global motion optimization, also referred to herein as global path 

optimization or global camera path optimization, may be performed by a global motion 

optimization module 357 in order to reduce errors in the resulting three-dimensional 

model 358. In general, the path of the camera as it obtains the image frames may be 

calculated as a part of the three-dimensional reconstruction process. In a post-processing 

refinement procedure, the calculation of camera path may be optimized - that is, the 

accumulation of errors along the length of the camera path may be minimized by 

supplemental frame-to-frame motion estimation with some or all of the global path 

information. Based on g]oba] information such as individual frames of data in the image 

store 322, the high-speed three-dimensional model 340, and intermediate results in the 

high-accuracy processing pipeline 350, the high-accuracy model 370 may be processed to 

reduce errors in the camera path and resulting artifacts in the reconstructed model. As a 

further refinement, a mesh may be projected onto the high-speed model by a mesh 

projection module 360. The resulting images may be warped or deformed by a warping 

module 362. Warped images may be utilized to case alignment and stitching between 

images, such as by reducing the initial error in a motion estimation. The warped images 

may be provided to the two-dimensional image registration module 352. The feedback of 

the high-accuracy three-dimensional model 370 into the pipeline may be repeated until 

some metric is obtained, such as a stitching accuracy or a minimum error threshold. 

[0041] Various aspects of the system 300 of Fig. 3 are described in greater 

detail below. It should be understood that various processing modules, or the steps 

implied by the modules, shown in this figure are exemplary in nature and that the order of 

processing, or the steps of the processing sequence, may be modified, omitted, repeated, 

re-ordered, or supplemented, without departing from the scope of this disclosure. 

[0042] Fig. 4A shows an object 410 for imaging, along with a path 415 that a 

camera may follow while obtaining a three-dimensional scan of a surface of the object 

410. The direction of the path 415 is indicated generally by an arrow 416. The object 410 

may be an upper dental impression (as shown) or any other object from which three­

dimensional surface data is sought. Starting the camera at a starting point 420, the camera 

may follow an arc 430 to a second point 422. The camera may then follow a segment 432 
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to a third point 424. The camera may then follow a second arc 434 to a fourth point 426. 

The camera may then follow a second segment 436 to return approximately to the starting 

point 4 20. It should be noted that the path 415 followed by the camera may be irregular 

rather than smooth, and that while a particular path 415 is depicted, more generally any 

path may be taken by the camera including paths that double back upon themselves, cross 

over identical regions two or more times, and/or entirely skip various surfaces of the 

object 410. It should also be noted that the camera path 415 may usefully return to the 

starting point 420, but this is not strictly required for three-dimensional reconstruction as 

described herein. The camera may take hundreds or thousands of images or more as the 

camera traverses the path around such a dental object 410. 

[0043] Fig. 4B shows locations where additional scan data might usefully be 

acquired to improve the accuracy of a three-dimensional reconstruction. For example, 

arcs 440, 442, 444, and 446 may be scanned ( e.g., traversed by the camera path) to 

provide cross linking between various lengths of the camera path. Data might usefully be 

acquired, for example, from any area that can improve computational accuracy of a three­

dimensional reconstruction such as regions where the length of a camera path between 

two measurements of the surface (e.g., image sets or image data) is significantly greater 

than the distance between the two corresponding surface locations in the world 

coordinate system for the camera path. It will be appreciated that this may be a Euclidean 

distance or any suitable proxy for distance. For example, the length of the camera path 

may be measured in terms of the number of camera path segments, or the number of 

camera path segments from key frame to key frame, between two camera poses in 

Euclidean space. As another example, this may include regions where separate three­

dimensional measurements for a general region of the reconstructed three-dimensional 

model fail to register to one another, or other indicia of accumulated error in the global 

camera path might be present. 

[0044] Fig. 5 shows a user interface depicting a graphical request for additional 

scan data. After the camera follows the path 415 illustrated above, a software tool may be 

utilized to identify various locations where additional data might usefully be acquired to 

reduce accumulated error in a global camera path, such as two frames of image data that 

represent a candidate for an accumulated error in camera path relative to one another 
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using, for example, any of the techniques described above. A monitor 510 may display an 

image 520 such as a three-dimensional reconstruction of scanned subject matter, and an 

arrow 530 may be displayed on the monitor 510 indicating where additional scanning is 

recommended. The user may then proceed to use a scanner, such as the scanner 102 from 

Fig. 1, to scan the area indicated by the arrow 530. More generally, areas for additional 

scanning may be identified to a user in a graphical user interface that displays a 

reconstructed three-dimensional model from the camera path, along with arrows or other 

identifiers or graphical annotations that illustrate a recommended scan path. After a user 

augments a camera path with additional scans, the resulting data can be employed to 

resolve differences (i.e., errors) in the global camera path, as described generally 

throughout this disclosure. 

[0045] Fig. 6A illustrates a simple camera path in a world coordinate system. 

The camera starts at a starting point 610 and follows a path 620 in a counterclockwise 

direction as indicated by an arrow 625, returning to an ending point coincident with the 

starting point 610 in a fixed coordinate system, such as an arbitrarily selected world 

coordinate system. 

[0046] Fig. 6B shows a simple camera path in a camera coordinate system. 

When a camera traverses the path 620 in the world coordinate system, errors may 

accumulate in a calculated camera path 635 so that a measured ending point 640 appears 

to be located away from the measured starting point 630 in the camera coordinate system, 

even though these points are identical in the world coordinate system. In one aspect, one 

or more cross links such as those described above with reference to Fig. 4 may be 

employed to mitigate accumulated errors in the calculated camera path 635. 

[0047) Fig. 7 is a flow chart of a three-dimensional reconstruction process 

including global path optimization for improved accuracy. 

[0048] The process 700 may begin with preprocessing as shown in step 710. It 

will be understood that preprocessing as described herein presupposes the availability of 

a number of frames of image data from which a camera path and three-dimensional 

model can be reconstructed. The information for the three-dimensional reconstruction 

may be generated in numerous ways including coming from structured light projection, 

shading based three-dimensional reconstruction, or disparity data. Disparity data may be 
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generated by a conventional image plus one or more other channels or side channels. The 

preprocessing may include determining the number of available frames, the time duration 

over which all the frames were taken, the amount of overlap between neighboring frames, 

identification and elimination of frames with blurred or badly distorted images, and any 

other suitable preprocessing steps. An estimate of the number of desired key frames may 

be initially determined during the preprocessing step. 

[0049] As shown in step 712, key frames may be selected from among all of the 

frames of data acquired from a scanner along a camera path. In general, computational 

costs can be reduced by storing certain data and performing certain calculations and 

processing steps exc1usive1y with reference to key frames. Tn principle, these key frames 

should be related to one another in a manner that permits characterization of a camera 

path, typically through the registration of overlapping three-dimensional data in 

respective key frames. Various methods are known in the art for selecting a subset of 

frames of data as key frames, including techniques based on image overlap, camera path 

distance, the number of intervening non-key frames and so forth. For example, key 

frames may be selected based on time duration from an immediately preceding key 

frame. Key frames may also or instead be selected based upon an amount of image 

overlap from the preceding key frame and/or a candidate for a following key frame (if 

available). Too little overlap makes frame-to-frame registration difficult. Too much 

overlap drives larger numbers of key frames and therefore larger amounts of data to 

analyze. Key frames may be selected based on spatial displacement, meaning that an 

upper limit may be placed on the amount of overlap from one key frame to the next. Key 

frames may also be selected based on sequential displacement. This type of sequential 

displacement could mean that every tenth frame is determined to be a key frame, for 

example. In one aspect, key frames may be selected as data is acquired based on any 

number of suitable criteria. In another aspect, key frame pairs may be determined post 

hoc by examining all possible candidate key frames. All possible key frame pairs may be 

examined and candidates may be removed, for example, where there is insufficient 

overlap to form a stitch. Still more generally, any technique suitable for selecting a subset 

of frames in a data set may be usefully employed to select key frames for processing in 

order to reduce computational complexity. 
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[0050] Once key frames have been selected, additional processing may be 

performed. For example, full image data ( e.g., full resolution center and side channel 

images) may be stored for each key frame, along with image signature data, point cloud 

centroid calculations, and any other measured or calculated data to support use of the key 

frames in a three-dimensional reconstruction process as described herein. 

[0051] As shown in step 714, candidate stitches may be identified. In general, a 

stitch is a relationship between two separate three-dimensional measurements from two 

different camera positions. Once a stitch is established, a rotation and a translation may 

be determined for the path of a camera between the t\vo different camera positions. In a 

complementary fashion, the three-dimensional measurements from the two different 

camera positions may be combined into a portion of a three-dimensional model. 

Candidate stitches may be analyzed around each key frame, such as from the key frame 

to some or all of the frames of data between the key frame and neighboring key frames. 

Stitches may be based on the originally imaged frames. It may also be useful to deform or 

warp two-dimensional images during registration and other steps in a stitching process in 

order to improve accuracy and/or speed each stitch calculation. Stitches may also or 

instead be based on other observed epipolar relationships in source data. 

[0052] As shown in step 716, stitches may be selected for the complete camera 

path from the universe of candidate stitches. The selection of stitches may be made based 

upon, e.g., the lowest calculated error in resulting portions of the three-dimensional 

model. 

[00531 As shown in step 718, a graph analysis may be performed using the key 

frames and the associated stitching to calculate a global path for the camera used to 

obtain a three-dimensional model. The graph analysis may consider each key frame as a 

node or vertex and each stitch as an edge between a pair of nodes. A key frame is 

selected as a starting point. A breadth- or depth-first search may be performed through 

the graph to identify stitches which may connect the current key frame to another key 

frame. Each key frame is marked as the graph is proceeded through. A check may be 

performed to see if all key frames have been reached within the graph. If all key frames 

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

image may be modeled. 

[0054] It may be that certain sub-graphs are not required to complete the three­

dimensional imaging. If the camera lingered over a particular region of a surface of an 

object, or if the camera looped on a region multiple times, the associated sub-graph(s) 

may not be needed. If a separate sub-graph is identified, which is needed to complete the 

three-dimensional imaging, an optional branch back to step 712 may be performed. For 

example, a set of key frames may have been selected which did not have sufficient 

stitching from one key frame to the next key frame. By choosing a different set of key 

frames, sufficient stitching may be obtained in order to obtain a complete graph of all 

needed aspects of the three-dimensional imaging. A key frame which is too sparse, 

meaning it has insufficient stitches to aid in building a graph, may indicate that a different 

set of key frames should be selected. Based on the graph analysis, a global path may be 

selected, and the graph may then be analyzed to optimize the path calculation. 

[0055] As shown in step 720, a numerical optimization may be performed to 

reduce errors in the calculated camera path based upon available data for the complete 

camera path such as, for example, cross links that interrelate temporally distant 

measurements. In general, the objective of numerical optimization is to minimize a 

calculated error based upon an error function for the camera path and/or reconstructed 

three-dimensional model. A useful formulation of the error minimization problem for a 

global camera path is presented below. 

[00561 There may be a set of candidate camera positions and orientations 

referenced to a world coordinate system. A camera position and orientation collectively 

may be referred to as a camera pose. There may be a set of measured frame-to-frame 

camera motions. A camera translation and rotation collectively may be referred to as a 

camera motion. A measured camera motion may be referenced in the coordinate system 

of one camera pose. An example set of three key frames may be obtained from three 

camera positions, A, B, and C, each of which may be referenced to an origin, 0, of a 

world coordinate system in three-dimensional space. In addition to the position of these 

points, a camera at each of these points may have a different orientation. A combination 

of the position and orientation is generally referred to as a camera pose. Between each of 
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these points are motion parameters including a translation ( a change in position) and a 

rotation (a change in orientation). The relationship between a point, X, expressed in the 

world coordinate system as X 0 and the same point expressed in the A coordinate system, 

XA may be given by equation (1 ): 

(1) XA = RaAXo +TaA 

RoA is the rotation, taking points from the world to the A coordinate system. T oA 

is the translation of the world coordinate system as represented in the A coordinate 

system. It should be understood that symbols X and T may represent a vector, rather than 

a scalar, e.g. where X includes x, y, and z coordinate values. Further, it should be 

understood that symbol R may represent a matrix. Equations (2) and (3) may similarly 

represent a transform transformation between the world and the B and C coordinate 

systems respectively: 

(2) XB = RaBXo +TaB 

(3) Xe = RacXo + Tac 

[0057) By rearranging, equation (1) and equation (2) may be represented as 

shown in equation (4): 

(4) XO = R;,~(xA -ToJ= R;l(XB -TOB) 

[0058] The representation of a point in one camera's coordinate system may be 

related to the same point in another coordinate system. For example, as in equations 1-3, 

coordinates of a point, X, may be transformed from the A coordinate system to the B 

coordinate system as follows: 

(5) X B = RABXA + T,4B 

[0059] The rotation RAB rotates points from the A to the B coordinate system 

and TAB is the position translation of the origin of the A coordinate system in the B 

coordinate system. 

[0060) In an optimization, the pose of every camera may be optimized based on 

measured transforms between camera poses. That is, a number of camera-to-world or 

world-to-camera rotations and translations, e.g., Ron and Ton may be performed. It will be 

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

Page 19 of 40 
-216-



EFS Web PATENTS 
67245US002 

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

transfer can be applied to all camera poses without altering the underlying optimization. 

[0061] The rotations and translations may be measured for many pairs of 

cameras. For the ith such measured frame-to-frame motion, let one of the cameras of the 

pair be camera A and the other be camera B. This may also be considered the ith stitch 

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

in the A system to the B system and T~B be the coordinates of the A position expressed in 

the B system, as in equation (5). 

[0062] The rotations and translations for all cameras, Ron and Ton may be 

optimized. It will be appreciated that, while these expressions and the following 

discussion arc cast in terms of rotations and translations from the individual camera 

coordinate systems to a single world coordinate system, this characterization is not 

intended to limit the generality of this disclosure. A similar or complementary analysis 

may be performed using the reverse of these transforms, or any other transform or 

collection of transforms (typically, although not necessarily rigid transforms) capable of 

describing a camera path across multiple poses. The constraints on camera motion from 

one pose, A, to another pose, B, for an {h stitch or relationship may be expressed relative 

to a world coordinate system as rotations, R~,OA and R~,OB' and translations, rroA and 

TJ,oB. This relationship is further constrained by the camera path from A to B, which may 

be expressed as a rotation and a translation as follows: 

(6) 

(7) T i T; R; Ti 
C,AB = C,OB - C,AB C,OA 

[0063] Note that with sufficient stitches, these relationships may form an 

overdetermined system of motion constraint equations. Using these equations as a 

starting point, numerical optimization may be performed on the rotational and 

translational components of each camera pose based on the measured stitches. 

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

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

where there are constraints on one component ( e.g., rotation) that do not depend on the 
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other component. Given a candidate set of camera rotations, R~ , the corresponding 

candidate camera-to-camera rotations, R~.AB, may be computed that correspond to each 

of the measured camera-to-camera rotations, R:W. The corresponding residual rotations, 

which should be identity in an error free camera path, are given by 

R:esidual.AB = R~,AB (R:W r 1
• A scalar-valued rotational cost function, er, may be computed 

that depends on the candidate camera rotations: 

(8) 
#stitches · T . 

er (Rc,on) = L r: r:, where r; = log50( 3J R;esiduai,AB 
i~l 

[0065] In equation (8), logso(3)(R) returns an axis-angle vector, v, that 

corresponds to the rotation R. In other words, logso(J)(R) returns the vector, v, that has a 

cross-product matrix, [ v L, that is the matrix logarithm of R. 

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

translation that depends on the candidate rotations and translations. 

(9) 
#stitches . T . 

(R T ) '"' ' . h i Ti T; et C,On' C,On = L.._. ~ l~•' lV ere rt = C.AB - AB 
i~l 

[0067] In one conventional, decoupled approach to solving these simultaneous 

systems of equations, the rotational error function may be converted into a quaternion 

expression in order to translate the numerical problem into a linear system of equations 

for solution, as described for example in Combining two-view constraints for motion 

estimation, Govindu V., Proc. of the Int. Conf on Computer Vision and Pattern 

Recognition, vol. 2, pp. 218-225 (July 2001). While this approach may be numerically 

convenient, it does not enforce the unit norm constraint for the quaternion solution, which 

may result in inaccuracy. Thus in one aspect, a path optimization technique may be 

improved by minimizing equation (8) for rotation as a nonlinear optimization and 

minimizing equation (9) for translation as a linear optimization. In another aspect, the 

more computationally efficient linear system of equations may be used to generate an 

initial estimate for an iterative optimization that uses non-linear optimization. 

[0068] More generally, the decoupled approach described above may fail to 

provided a truly optimal result, in a maximum-likelihood sense, where it cannot use 

information from the translation portion of the stitches in determining rotation. 
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Nonetheless, a substantial amount of work in this field aims to overcome the 

disadvantages of decoupled optimization, as described for example in A solution for the 

registration of multiple 3D point sets using unit quaternions, Benjemaa R. and F. Shmitt, 

Proc. ECCV '98, pp. 34-50 (June 1998); Global registration of multiple 3D point sets via 

optimization-on-a-manifold, Krishnan S., Lee P.Y., Moore J.B., Venkatasubramanian S., 

Eurographics Symp. Geometry Processing (2005); and Simultaneous registration of 

multiple corresponding point sets, Williams J ., Bennamoun M., Computer Vision and 

Image Understanding, vol. 81, no. 1, pp. 117-142 (2001 ). 

[0069] In one aspect disclosed herein, a coupled approach to optimization may 

instead be used to minimize overall error in a camera path. In order to achieve a coupled 

optimization a weighting may be used to balance the contributions of rotational and 

translational components to a combined cost function: 

(10) 

Multiple approaches may be used to weight the relative contribution of 

translations and rotations. In one embodiment the weights may be expressed as matrices, 

with different stitches receiving different weightings based upon any of a number of 

factors. For example, the weights may be based on the number of points in a stitch (e.g., 

the shared content), the quality of a particular three-dimensional measurement, and/or 

any other factors impacting the known reliability of a stitch. In one approach, the weight 

matrices may also account for anisotropic error in the individual points collected, such as 

due to acquisition of depth information from disparity measurements, which results in 

measurement precision that varies with distance from the camera. 

[0070J In some cases, equation (10) may be reformulated so that the rotation 

and translation weights are decoupled for each stitch (i.e., w; is a block diagonal). In 

particular, this may occur in the case that the motion stitches are recovered from three­

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

stitch i, between poses A and B, the optimal solution may bring the point cloud as seen 

from pose A into correspondence with that seen from pose B. If X~ and X~ are the 

positions of the center of the point cloud in the A and B systems respectively, then if r/ 1s 
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replaced in equation (10) with the residual displacement between the point-cloud centers 

based on the candidate camera pose. This latter residual displacement may be expressed 

as: 

(11) 
i X-i (R1 X' Ti ) 

rt,ctr = B - C,AB A + C,AB 

Equation (10) may then be reformulated as: 

L0071J In general, by minimizing equation (10), both rotational errors and 

translational errors may be minimized simultaneously. The weight matrices can be 

chosen for example according to "First Order Error Propagation of the Procrustes Method 

for 3D Attitude Estimation" by Leo Dorst, IEEE Transactions on Pattern Analysis and 

Machine Intelligence, Vol. 27, No. 2, pp. 221-9 (Feb. 2005) which is incorporated in its 

entirety by reference. Once a more consistent set of motion parameters has been 

generated the three-dimensional model may be updated. 

[0072] When total error or some portion of error has been minimized, the 

resulting value may be evaluated. The calibration state of the scanner and associated 

equipment may be evaluated based on the minimized error values. If a minimized error 

falls beyond a certain threshold then calibration for the scanner and associated hardware 

may be recommended. The threshold value may be empirically determined based on the 

specific scanner hardware equipment or it may be learned experientially over time for a 

given system. When a system is new or has been freshly aligned, expected minimized 

error values may be obtained. When minimized error values deviate from these expected 

values, a calibration state evaluation flag may be set indicating that the tool should be 

calibrated. Thus in one aspect, a coupled ( or uncoupled) error function may be employed 

to validate calibration and determine when re-calibration of a device is appropriate. 

[0073] As shown in step 722, upsampling may be performed to augment a 

three-dimensional model with data from non-key frames. In general, upsampling may 

include any technique for addition of data to a result. For example, while the global 

optimization described above generally refers to optimization among key frames in a 

contiguous camera path, the resulting optimized three-dimensional model may be 

supplemented by registering non-key frames to one or more nearby key frames in a 
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manner that creates small, local reconstruction patches that include additional three­

dimensional detail available from non-key frames. Or upsampling may be performed by 

correcting the corresponding camera path for non-key frames according to a globally 

optimized path for the key frames. Thus in one aspect, upsampling may more generally 

be understood as any use of optimized data to incorporate related, non-optimized data 

into a camera path or three-dimensional model. 

[0074] Fig. 8 shows a reconstruction process 800 using numerical optimization 

as described above. In one aspect, this optimization technique may be usefully applied to 

minimize errors in a camera path where spatial links between non-sequential camera 

poses (or corresponding data sets used to recover three-dimensional surface data) can be 

identified. For example, where a scan path covers a buccal surface followed by an 

occlusal or lingual surface, many spatial links might be identified between non­

continguous camera path segments associated with each surface. Under these conditions, 

a global optimization may significantly improve the accuracy of a three-dimensional 

reconstruction by reducing errors in the motion estimation parameters for the camera 

path. It will be understood that the disclosed method may also or instead be embodied in 

a computer program, a computer program product, or an apparatus embodying any of the 

foregoing. 

[0075] As shown in step 802, the process may begin with acquiring data sets 

such as a data set from a surface of a dental object with a hand-held scanner from each 

one of a sequence of poses along a camera path, thereby providing a plurality of data sets. 

The hand-held scanner may, for example, be the video-based scanner described above. 

The hand-held scanner may instead include any other type of hand-held scanner suitable 

for intraoral dental scanning, such as a time-of-flight scanner, a structured light scanner, 

and so forth. The data sets may be any corresponding data acquired for each camera pose 

that is used to recover three-dimensional data. 

[0076] It should be understood that in this context, the camera path may 

correspond to a physical camera path that describes the path actually taken by a scanner 

during a scan, or the camera path may also or instead include a virtual camera path 

formed from a plurality of different physical camera paths or other virtual camera paths 

that intersect with one another. Such a virtual camera path may be created wherever 
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poses from two or more physical paths can be interrelated in a global coordinate system, 

as established for example by three-dimensionally registering two different scans of the 

same physical subject matter. The use of virtual camera paths may be particularly useful, 

for example, where a large scan such as a full arch scan is created from data acquired 

during two or more discontinuous scanning sessions. Under these conditions, global 

optimization of a virtual camera path can be used to improve consistency of the combined 

data in a global coordinate system. 

[0077] As shown in step 804 each one of the poses in the sequence of poses 

may be associated with a previous pose and a next pose by a spatial link such as motion 

estimation parameters or other camera path infonnation. It should also be understood that 

while a system may infer camera path from the resulting three-dimensional 

measurements at each camera position and orientation, the camera path may also, or 

instead be obtained using a hardware-based positioning system based upon, e.g., 

accelerometers, a geopositioning system, external position sensors, transducers in an 

articulating arm or any other combination of sensors and techniques suitable for detecting 

camera position and/or orientation with sufficient accuracy for the intended three­

dimensional reconstruction. 

[0078] This spatial link data reflects the physical camera path in the order in 

which data was acquired, thus providing a plurality of spatial links that characterize the 

camera path during a data acquisition process. The sequence of poses may, for example, 

be made up of key frames (or sequential pairs of key frames) as generally described 

above, where additional data sets are acquired from one or more additional poses between 

each sequential pair of key frames. Key frames may be usefully employed, e.g., to reduce 

the computational complexity of path optimization while retaining a contiguous camera 

path of sequential poses. After path optimization is complete, additional three­

dimensional data may be added based upon the one or more additional data sets and the 

one or more additional poses from between key frames. As described above, key frames 

may be selected from a larger set of poses using a metric to evaluate a quality of a 

resulting three-dimensional reconstruction, a quality of the estimated motion parameters 

between poses, a degree of overlap in scanned subject matter, a graph analysis or any 

other useful technique or metric. 
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[0079) As shown in step 806, at least one non-sequential spatial link may be 

identified between two non-sequential ones of the poses based upon the data set for each 

of the two non-sequential ones of the poses. Thus for example two data sets from a 

buccal and lingual scan segment may be related to one another based upon camera 

position, the three-dimensional data recovered from the respective data sets, or any other 

data acquired during a scanning process. In one aspect, a metric may be employed to 

identify candidates for non-sequential spatial links, such as a ratio of spatial distance 

between two data sets to the length of an intervening camera path. Thus the non­

sequential spatial link(s) may associate two of the sequence of poses that are separated by 

a substantially greater distance along the camera path than along the surface of the dental 

object. This may be based on the data set for each of the two non-sequential ones of the 

poses, such as by using camera pose data to determine a surface position or by identifying 

an overlap in the reconstructed three-dimensional data obtained using the data set for two 

non-sequential poses. This may also inlcude displaying a region for one or more 

candidate links in a user interface and receiving a supplemental scan of the region, as 

described above for example with reference to Fig. 5. 

[0080) As shown in step 808, a global motion optimization may be performed 

on the camera path to minimize an error among the plurality of spatial links and the at 

least one non-sequential spatial link, thereby providing an optimized camera path. This 

may employ, for example, any of the optimization techniques described above. More 

generally, this may include any technique for minimizing errors in motion estimation 

parameters expressed as a function of one or more of rotation, translation, coupled 

rotation and translation, and decoupled rotation and translation, and/or any technique for 

aligning the three-dimensional data reconstructed from the data sets in a global 

coordinate system or improving a consistency of the sequence of poses along the camera 

path in the global coordinate system. 

[0081] As shown in step 810, a three-dimensional model of the dental object 

may be reconstructed using known techniques based upon the optimized camera path and 

the plurality of data sets. 

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

scanning, the applicants have devised improved techniques for error minimization when 
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camera path is used for three-dimensional reconstruction. More specifically, by observing 

that intra-oral scanning often employs a number of adjacent, relatively straight global 

paths such as for lingual, occlusal, and buccal surfaces ( as dictated in part by the 

relatively restricted oral access to the relatively large surfaces of dentition) , and by 

observing that intra-oral scanning regularly returns to earlier scan positions, the 

applicants have devised an optimization technique that takes advantage of the spatial 

relationship between certain non-sequential frames of data. The approach described 

above solves the problem of conflicting data for local measurements by using an error 

minimization technique that globally addresses the camera path, including the 

interrelationship of non-sequential frames of data. This may be particularly useful, for 

example for scans covering gums, soft tissue, full arches, orthodontic components and the 

like where scanning a large area typically entails multiple passes over various regions of 

the scanned surface. 

[0083] Fig. 9 is a flow chart of a hybrid stitching process for combining 

disparate three-dimensional scans of a common surface. Tn scanning techniques that use a 

camera path for reconstruction, the full scan data for an object may include any number 

of disparate scans with camera paths, or more generally stitch graphs, that are not directly 

spatially related to one another. The following process 900 provides a technique for 

establishing spatial relationships between such stitch graphs through a series of local 

geometry-based registrations. The resulting, combined model may then be subjected to 

any of the optimization techniques described above as though it had been obtained from a 

single, continuous scan. 

[0084] As shown in step 902, the process 900 may begin with obtaining a first 

three-dimensional model including a first plurality of frames of data, each including sets 

of three-dimensional points spatially related to one another by a first camera path. It will 

be understood that a 'camera path' generally refers to a sequential series of poses 

connected by a number of transforms from one to the next. However, the camera path of 

the model may more generally include any number of interrelationships or 'stitches' 

between non-sequential poses that can be inferred from other spatial information such as 

overlapping regions of an object surface in the accompanying sets of three-dimensional 

points. In the foregoing description, terms such as camera path and stitch graph should be 
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broadly interpreted to include any rigid transformations and/or other descriptive data that 

characterizes camera motion (and reliability thereof) in a manner that permits path-based 

reconstruction of a three-dimensional surface. Step 902 may also include obtaining a 

second three-dimensional model including a second plurality of frames of data, each 

including sets of three-dimensional points spatially related one another by a second 

camera path. The second model may, for example, be obtained after a first scan is 

automatically or manually interrupted, or after a first scan is completed and additional 

data is required or desired, either by a user or in response to prompting from a scanning 

system as contemplated above. More generally, the second three-dimensional model may 

be any disparate data set that is not directly spatia1ly related to the first three-dimensional 

model through a single scan or camera path. 

[0085] As shown in step 904 one of the first plurality of sets of three­

dimensional points may be registered to one of the second plurality of sets of three­

dimensional points. This registration may use an iterative closest point algorithm, image­

based registration or any suitable technique for three-dimensional registration of points 

and/or surfaces. In one aspect, a surface mesh may be obtained for use in the registration 

process. Thus a surface mesh of the first and second plurality of sets of three-dimensional 

points may be generated with a mesh generation algorithm to obtain polygonal surface 

representations of each model ( or portions thereof). This may generally include 

generating a surface mesh of the entire first and second models, or a known overlapping 

surface of the first and second data sets, or a neighborhood surrounding a known 

common surface, or each of the entire first and second models. The resulting first surface 

mesh and second surface mesh may then be registered to one another using any suitable 

techniques, resulting in a known, rigid transformation between the first model and the 

second model ( or between the first surface mesh from the first model and the second 

surface mesh from the second model). As a result of this spatial relationship, the first 

three-dimensional model and the second three-dimensional model can be placed in a 

shared coordinate system that permits subsequent processing using data from both 

models as a combined surface. 

[0086] As shown in step 906, the process 900 may include creating a virtual 

stitch graph that spatially relates individual ones of the first plurality of sets and the 
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second plurality of sets using virtual stitches between the data sets, thereby providing a 

combined model that includes the first plurality of sets and the second plurality of sets all 

spatially related by the virtual stitch graph. Numerous techniques may be employed for 

synthesizing a virtual stitch graph to inter-relate the models. The details of one particular 

approach are provided below with reference to Fig. 10. It will be appreciated that the 

term 'virtual' as used in this context is intended to distinguish models using data from 

multiple disparate scans. Thus while the source of data (multiple camera paths) used to 

calculate 'virtual stitches' and/or virtual stitch graphs may be different from the data 

(single camera paths) used to calculate other stitches and graphs, the resulting data can 

advantageously be provided in a form for use interchangeably with and undistinguishable 

from data derived from a single scan. As such, in a preferred embodiment, there may be 

little to distinguish a 'virtual' stitch or a virtual stitch graph from those that are not 

virtual, except perhaps for their absence from the two or more disparate models from 

which they were derived. 

[0087] As shown in step 908, the process 900 may include refining the 

combined model with a global motion optimization of the virtual stitch graph. With a 

single virtual stitch graph that inter-relates all of the data from each of the disparate sets 

( acquired from different scans), any of the global motion optimization techniques 

described above may be suitable employed to minimize errors on a stitch-by-stitch basis 

among the combined data sets. In one aspect, this optimization includes a deformable 

registration where, as distinguished from calculating error-minimized rigid 

transformations, each stitch or step of the camera path can be moved spatially to 

minimize global error. Thus in one aspect, the process 900 includes refining the 

combined model with a deformable registration. 

[0088] As shown in step 910, the combined model may be stored and/or 

displayed. This may include, for example, displaying the combined model at a chairside 

scanning location or a dental laboratory. The combined model may also be stored locally 

at a scanner site, or transmitted to a central repository for project management including, 

without limitation, billing, quality assurance, and scheduling fabrication of a dental object 

at a dental laboratory. The original source data from the disparate scans ( e.g., disparate 

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

model is obtained. 

[0089] Fig. 10 is a flow chart of a process for creating of a virtual stitch graph. 

In the following description, it is assume that two disparate three-dimensional models are 

provided, each obtained from a sequence of frames of data spatially related by a camera 

path as generally described above, and that the two models have been registered to 

establish an initial rigid transformation between them. It will be appreciated that 

modifications or adaptations of the foregoing may be appropriate where other three­

dimensional scanning techniques are employed, or where three or more disparate data 

sets are concurrently reconciled, all of which is intended to fall within the scope of this 

disclosure. 

[0090) As shown in step 1002, the process 1000 may include selecting 

overlapping data sets. This may, for example, include selecting a first selected one of the 

first plurality of sets and a second selected one of the second plurality of sets that overlap 

on the combined surface obtained from the coarse registration described above with 

reference to Fig. 9. An initial selection of one of the first or second plurality of sets may 

be, for example, a random selection or a parameterized selection based on, e.g., location 

within the first or second meshes or proximity to a centroid or other feature of interest in 

the combined or separate surfaces. 

[0091) All of the frames or sets of data from the first plurality of sets (e.g., the 

first model) in a neighborhood about the first selected one may then also be selected for 

use as a local processing neighborhood. This may, for example, be all sets of data within 

a certain number of stitches away, such as all sets within five stitches, or a certain number 

of steps along a camera path. In order to reduce redundant processing, the sets within this 

local processing neighborhood may optionally be marked or otherwise identified as 

unavailable for future processing after the local hybrid stitching operations of the process 

1000 are completed. Using the coarse registration of surface meshes, one of the second 

plurality of sets (e.g., a frame from the second model) may be selected that is near (or 

nearest) to the local processing neighborhood. All of the frames or sets of data from the 

second plurality of sets in a neighborhood about the second selected one of the second 

plurality of sets may then be identified in a similar manner to the selection of the local 
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processing neighborhood, e.g., by selecting frames or sets of data in the second plurality 

of sets of data that are within a certain number of stitches or sequential camera poses 

from the second selected one. It will be appreciated in this context that the use of a stitch 

graph ( of stitches, which may extend in numerous directions from a single camera pose) 

can provide a significant processing advantage over a camera path ( of individual 

transforms from one camera pose to the next) by affording more options for coverage of 

relevant regions of a surface of an object. 

[0092] The selection of local processing neighborhoods for frames from the 

fir.st and second plurality of data sets may be further refined, such as by restricting or 

prohibiting use of data sets outside a surface or region common to the two 

neighborhoods. 

[0093] As shown in step 1004, data may be optimized in the local processing 

neighborhoods. For example, where each data set is represented by a camera path or 

stitch graph that inter-relates sets of three-dimensional points through a sequence of 

camera poses or the like, a sub-graph of the camera path or stitch graph may be selected 

for each of the models that only contains data ( frames or sets of three-dimensional data 

points, along with stitches or camera path information) from within the local processing 

neighborhoods. This approach advantageously removes the influence of data external to 

the local processing neighborhoods. At this point in the processing, the data still 

generally comprises two disparate models - in this case, sub-graphs of the full data set -

that are associated by a single rigid transform obtained from the coarse registration of 

surface meshes. This data may be further optimized prior to hybrid stitching by, e.g., 

performing a global motion optimization ( as described above) on each of the extracted 

sub-graphs. With the sub-graphs so optimized, the registration between the two sub­

graphs may be refined by repeating an iterative closest point algorithm or other suitable 

registration process for the two point clouds represented by the optimized sub-graphs. 

\Vhile this approach to optimization is effective in a three-dimensional surface 

reconstruction based upon camera paths, it will be appreciated that a variety of other 

optimizations are known in the art for three-dimensional reconstructions, any of which 

may be adapted to optimization of the local processing neighborhoods contemplated 

herein. 
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[0094] As shown in step 1006, links for a virtual stitch graph (also referred to as 

'hybrid' or 'virtual' stitches) may be created. This may include finding a frame from each 

of the two sub-graphs closest to a centroid of the overlapping region between the two 

sub-graphs. These two frames may then be directly spatially related to one another by a 

rigid transformation, which may be a newly calculated rigid transformation or a 

refinement of the rigid transformation obtained in the optimization steps described above. 

Using this transformation, data from the two sub-graphs may be transposed into a 

common coordinate system, such as the original coordinate system of one of the sub­

graphs. This may be repeated for one or more other frames of data in the two sub-graphs 

to provide a number of direct spatial relationships or 'virtual stitches' between frames in 

the first sub-graph and frames in the second sub-graph. These relationships may be used 

directly as stitches in a combined, virtual stitch graph, or further processed as appropriate 

to express these new relationships in the same form as existing stitches in the stitch 

graphs or camera paths of the initial models. 

[0095] Tn order to facilitate concurrent processing of the actual stitches in the 

original models and the virtual stitches created for the virtual stitch graph that combines 

the models, additional characterizing data may be included in each virtual link. For 

example, a covariance matrix that weights confidence in each link according to multiple 

degrees of freedom ( e.g., six degrees of freedom for full translation and rotation) may be 

provided. While such a covariance matrix results from, for example, the iterative closest 

point registration process, the use of a particular form is less significant than sufficient 

commonality between the expression of actual stitches and the virtual stitches for 

undifferentiated processing of data from both sources in a combined model. 

[0096] As shown in step 1008, if there are additional neighborhoods of 

overlapping data to be locally optimized, the process may return to step 1002 where 

additional overlapping data sets can be selected to create additional virtual links. This 

may be repeated as often as necessary or desired. If there are no further local 

neighborhoods for processing, or if some other termination condition such as a threshold 

number of virtual links or percentage coverage of the full surface area of the combined 

model has been reached, then the process 1000 may proceed to step 1010. 
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[0097) As shown in step 1010, a combined model may be created that combines 

the actual stitch graphs from the two original models and the virtual stitches established 

between the two models as described above. In addition, any number of additional virtual 

stitches may be added based upon other data in the global models ( as distinguished from 

the local processing neighborhoods), such as nearly identical and/or substantially co­

located data sets in the first and second models. In addition, the combined model may be 

analyzed for completeness and to identify further opportunities for establishing additional 

stitches between data sets either with or without regard for whether the data sets are from 

the first model or the second model. 

[0098) As shown in step 1012, the combined model may be optimized using, 

e.g., global motion optimization as described above to minimize errors in the 

transformations between related camera poses of the combined model ( as distinguished 

from either of the original stitch graphs or camera paths). 

[0099] As shown in step 1014, a point cloud may be generated for the combined 

model that places all of the three-dimensional points of the combined model into a single, 

common coordinate system. 

[00100) As shown in step 1016, a surface mesh may be generated for the point 

cloud using any suitable surface meshing techniques. The model may also be stored, 

displayed, transmitted or otherwise processed or handled as generally contemplated by 

the foregoing description. 

[00101] It will be appreciated that any of the above system and/or methods 

may be realized in hardware, software, or any combination of these suitable for the data 

acquisition and modeling technologies described herein. This includes realization in one 

or more microprocessors, microcontrollers, embedded microcontrollers, programmable 

digital signal processors or other programmable devices, along with internal and/or 

external memory. The may also, or instead, include one or more application specific 

integrated circuits, programmable gate arrays, programmable array logic components, or 

any other device or devices that may be configured to process electronic signals. It will 

further be appreciated that a realization may include computer executable code created 

using a structured programming language such as C, an object oriented programming 

language such as C++, or any other high-level or low-level programming language 
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(including assembly languages, hardware description languages, and database 

programming languages and technologies) that may be stored, compiled or interpreted to 

run on one of the above devices, as well as heterogeneous combinations of processors, 

processor architectures, or combinations of different hardware and software. Thus in one 

aspect there is disclosed herein a computer program product comprising computer 

executable code that, when executing on one or more computing devices, performs any 

and/or all of the steps described above. 

[00102] At the same time, processing may be distributed across devices such as 

a camera and/or computer and/or fabrication facility and/or dental laboratory and/or 

server in a number of ways or all of the functionality may be integrated into a dedicated, 

standalone device. 

[00103] In another aspect, a system disclosed herein includes means such as 

any of the structures described above for performing the functions expressed or implied 

in the flow charts and other portions of the above description. 

[00104] All such permutations and combinations that would be apparent to one 

of ordinary skill in the art arc intended to fall within the scope of the present disclosure, 

which along with the claims is intended to be interpreted in the broadest sense allowable 

by law. 
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What is claimed is: 

1. A method comprising: 
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obtaining a first three-dimensional model including a first plurality of sets of 

three-dimensional points spatially related to one another by a first camera path; 

obtaining a second three-dimensional model including a second plurality of sets 

of three-dimensional points spatially related to one another by a second camera path; 

registering one of the first plurality of sets of three-dimensional points to one of 

the second plurality of sets of three-dimensional points to place the first three­

dimensional model and the second three-dimensional model in a shared coordinate 

system; 

creating a virtual stitch graph that spatially relates the first plurality of sets and the 

second plurality of sets, thereby providing a combined model that includes the first 

plurality of sets and the second plurality of sets all spatially related by the virtual stitch 

graph; and 

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

stitch graph. 

2. The method of claim 1 further comprising generating a first surface mesh of the 

first three-dimensional model and a second surface mesh of the second three-dimensional 

model. 

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

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

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

closest point algorithm. 
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5. The method of claim 3 further comprising selecting a first selected one of the first 

plurality of sets and a second selected one of the second plurality of sets that overlap on 

the combined surface. 

6. The method of claim 5 wherein at least one of the first selected one and the 

second selected one is a set of three-dimensional data closest to a centroid of the 

combined surface. 

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

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

8. The method of claim 7 further comprising selecting a first neighborhood of the 

first plurality of sets from about the one of the first plurality of sets and a second 

neighborhood of the second plurality of sets from about the one of the second plurality of 

sets. 

9. The method of claim 8 further comprising: 

extracting a sub-region of the combined surface; 

spatially relating two or more of the first plurality of sets to two or more of the 

second plurality of sets within the sub-region to provide a virtual stitch graph; and 

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

providing a combined data set for the sub-region. 

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

between two unstitched ones of the first plurality of sets. 

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

deformable registration. 
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12. A computer program product comprising computer executable code embodied on 

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

computing devices, performs the steps of: 

obtaining a first three-dimensional model including a first plurality of sets of 

three-dimensional points spatially related to one another by a first camera path; 

obtaining a second three-dimensional model including a second plurality of sets 

of three-dimensional points spatially related to one another by a second camera path; 

registering one of the first plurality of sets of three-dimensional points to one of 

the second plurality of sets of three-dimensional points to place the first three­

dimensional model and the second three-dimensional model in a shared coordinate 

system; 

creating a virtual stitch graph that spatially relates the first plurality of sets and the 

second plurality of sets, thereby providing a combined model that includes the first 

plurality of sets and the second plurality of sets all spatially related by the virtual stitch 

graph; and 

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

stitch graph. 

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

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

second surface mesh of the second three-dimensional model. 

14. The computer program product of claim 13 wherein registering includes 

registering the first surface mesh to the second surface mesh, thereby providing a 

combined surface. 

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

registering with an iterative closest point algorithm. 
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16. The computer program product of claim 14 further comprising code that performs 

the step of selecting a first selected one of the first plurality of sets and a second selected 

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

17. The computer program product of claim 16 wherein at least one of the first 

selected one and the second selected one is a set of three-dimensional data closest to a 

centroid of the combined surface. 

18. The computer program product of claim 16 further comprising code that performs 

the step of ca1culating a rigid transfonnation and a mean error between the first selected 

one and the second selected one. 

19. The computer program product of claim 18 further comprising code that performs 

the step of selecting a first neighborhood of the first plurality of sets from about the one 

of the first plurality of sets and a second neighborhood of the second plurality of sets 

from about the one of the second plurality of sets. 

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

the steps of: 

extracting a sub-region of the combined surface; 

spatially relating two or more of the first plurality of sets to two or more of the 

second plurality of sets within the sub-region to provide a virtual stitch graph; and 

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

providing a combined data set for the sub-region. 

21. The computer program product of claim 20 further comprising code that performs 

the step of creating at least one virtual stitch between two unstitched ones of the first 

plurality of sets. 

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

the step of refining the combined model with a deformable registration. 
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a scanner configured to obtain a first three-dimensional model including a first 

plurality of sets of three-dimensional points spatially related to one another by a first 

camera path and a second three-dimensional model including a second plurality of sets of 

three-dimensional points spatially related with one another by a second camera path; 

a processor and memory configured to register one of the first plurality of sets of 

three-dimensional points to one of the second plurality of sets of three-dimensional points 

to place the first three-dimensional model and the second three-dimensional model in a 

shared coordinate system, to create a virtual stitch graph that spatia11y relates the first 

plurality of sets and the second plurality of sets, thereby providing a combined model that 

includes the first plurality of sets and the second plurality of sets all spatially related by 

the virtual stitch graph, and to refine the combined model with a global motion 

optimization of the virtual stitch graph; and 

a display configured to render the combined model. 

24. A system comprising: 

scanning means for obtaining a first three-dimensional model including a first 

plurality of sets of three-dimensional points spatially related to one another by a first 

camera path and a second three-dimensional model including a second plurality of sets of 

three-dimensional points spatially related with one another by a second camera path; and 

processing means for registering one of the first plurality of sets ofthree­

dimensional points to one of the second plurality of sets of three-dimensional points to 

place the first three-dimensional model and the second three-dimensional model in a 

shared coordinate system, creating a virtual stitch graph that spatially relates the first 

plurality of sets and the second plurality of sets, thereby providing a combined model that 

includes the first plurality of sets and the second plurality of sets all spatially related by 

the virtual stitch graph, and refining the combined model with a global motion 

optimization of the virtual stitch graph. 
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[00105] In a system or method where three-dimensional data is acquired as a 

sequence of frames of data along a camera path, disparate sequences are related to one 

another through a number of geometric stitches obtained by direct registration of three­

dimensional data between frames in the disparate sequences. These geometric stitches are 

then used in addition to or in place of other camera path relationships to form a single 

virtual stitch graph for the combined model, upon which an integrated global path 

optimization can be performed. 
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HYBRID STITCHING 

FIELD OF INVENTION 

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

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

BACKGROUND 

[0002] In one technique for three-dimensional image reconstruction, a number of 

images or image sets of an object are captured with a camera that travels in a path over the 

surface of the object. A three-dimensional model of the object can then be obtained from a 

description of the camera path and individual three-dimensional measurements captured along the 

camera path. In certain applications, data from a surface of an object is available in multiple, 

disparate data sets, such as where a scan is inte1TI1pted prior to completion or where additional 

scans are performed to augment an initial scan. The resulting multiple models can be registered to 

one another to obtain a combined model. While conventional registration techniques can 

minimize an error in alignment between two such resulting models, this approach does not afford 

an opportunity to refine the individual models in view of the combined data. 

[0003] There remains a need for improved techniques to combine disparate three-

dimensional data sets, particularly disparate data sets based upon a path of poses of a three­

dimensional scanner. 

SUMMARY 

[0004] In a system or method where three-dimensional data is acquired as a sequence 

of frames of data along a camera path, disparate sequences are related to one another through a 

number of geometric stitches obtained by direct registration of three-dimensional data bet\veen 

frames in the disparate sequences. These geometric stitches are then used in addition to or in 

place of other camera path relationships to form a single virtual stitch graph for the combined 

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

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] The invention and the following detailed description of certain embodiments 

thereof may be understood by reference to the following figures. 

[0006] Fig. 1 shows a three-dimensional scanning system. 
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(0007] Fig. 2 shows a schematic diagram of an optical system for a three-dimensional 

scanner. 

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

video scanner. 

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

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

software tool. 

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

(0012] Fig. 7 is a flow chart of a three-dimensional reconstruction process including 

global path optimization for improved accuracy. 

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

optimization. 

(0014] Fig. 9 is a flow chart of a hybrid stitching process for combining disparate 

three-dimensional scans of a common surface. 

(0015] Fig. IO is a flow chart of a process for creating of a virtual stitch graph. 

DETAILED DESCRIPTION 

(0016] In the following text, references to items in the singular should be understood 

to include items in the plural, and vice versa, unless explicitly stated otherwise or clear from the 

text. Grammatical conjunctions are intended to express any and all disjunctive and conjunctive 

combinations of conjoined clauses, sentences, words, and the like, unless otherwise stated or clear 

from the context. 

(0017] In the systems and methods described herein, a number of techniques for 

global motion optimization are employed to improve accuracy of three-dimensional 

reconstructions based upon camera path. 

(0018] The following description details specific scanning technologies and focuses 

on dental applications of three-dimensional imaging; however, it will be appreciated that 

variations, adaptations, and combinations of the methods and systems below will be apparent to 

one of ordinary skill in the art. For example, while an image-based system is described, non­

image based scanning techniques such as infrared time-of-flight techniques or structured light 

techniques using patterned projections may similarly employ reconstruction based on camera path 

that may benefit from the improvements described herein. As another example, while digital 

dentistry is one useful application of the improved accuracy that results from the techniques 

described herein, global path optimization may also usefully be employed to refine three-
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dimensional animation models or three-dimensional scans for machine vision applications or for 

mapping applications. All such variations, adaptations, and combinations are intended to fall 

within the scope of this disclosure. 

[0019] In the following description, the term "image" generally refers to a t\:vo­

dimensional set of pixels forming a two-dimensional view of a subject within an image plane. 

The term "image set" generally refers to a set of related two-dimensional images that might be 

resolved into three-dimensional data. The term "point cloud" generally refers to a three­

dimensional set of points forming a three-dimensional view of the subject reconstructed from a 

number of two-dimensional images. In a three-dimensional image capture system, a number of 

such point clouds may also be registered and combined into an aggregate point cloud constructed 

from images captured by a moving camera. Thus it will be understood that pixels generally refer 

to two-dimensional data and points generally refer to three-dimensional data, unless another 

meaning is specifically indicated or clear from the context. 

[0020] The terms "three-dimensional model", "three-dimensional surface 

representation", "digital surface representation", "three-dimensional surface map", and the like, 

as used herein, are intended to refer to any three-dimensional surface map of an object, such as a 

point cloud of surface data, a set of two-dimensional polygons, or any other data representing all 

or some of the surface of an object, as might be obtained through the capture andior processing of 

three-dimensional scan data, unless a different meaning is explicitly provided or otherwise clear 

from the context. A "three-dimensional representation" may include any of the three-dimensional 

surface representations described above, as well as volumetric and other representations, unless a 

different meaning is explicitly provided or otherwise clear from the context. 

[0021] In general, the terms "render" or "rendering" refer to a two-dimensional 

visualization of a three-dimensional object, such as for display on a monitor. However, it will be 

understood that a variety of three-dimensional rendering technologies exist, and may be usefully 

employed with the systems and methods disclosed herein. For example, the system and methods 

described herein may usefully employ a holographic display, an autostereoscopic display, an 

anaglyph display, a head-mounted stereo display, or any other two-dimensional andior three­

dimensional display. As such, rendering as described herein should be interpreted broadly unless 

a nan-ower meaning is explicitly provided or otherwise clear from the context. 

[0022] The tenn "dental object", as used herein, is intended to refer broadly to 

subject matter related to dentistry. This may include intraoral structures such as dentition, and 

more typically human dentition, such as individual teeth, quadrants, full arches, pairs of arches 

(which may be separate or in occlusion of various types), soft tissue, and the like, as well bones 
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and any other supporting or surrounding structures. As used herein, the term "intraoral structures" 

refers to both natural structures within a mouth as described above and artificial structures such as 

any of the dental objects described below that might be present in the mouth. Dental objects may 

include "restorations", which may be generally understood to include components that restore the 

structure or function of existing dentition, such as crowns, bridges, veneers, inlays, onlays, 

amalgams, composites, and various substructures such as copings and the like, as well as 

temporary restorations for use while a permanent restoration is being fabricated. Dental objects 

may also include a "prosthesis" that replaces dentition with removable or permanent structures, 

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

also include "appliances" used to correct, align, or otherwise temporarily or permanently adjust 

dentition, such as removable orthodontic appliances, surgical stents, bruxism appliances, snore 

guards, indirect bracket placement appliances, and the like. Dental objects may also include 

"hardware" affixed to dentition for an extended period, such as implant fixtures, implant 

abutments, orthodontic brackets, and other orthodontic components. Dental objects may also 

include "interim components" of dental manufacture such as dental models (full and/or partial), 

wax-ups, investment molds, and the like, as well as trays, bases, dies, and other components 

employed in the fabrication of restorations, prostheses, and the like. Dental objects may also be 

categorized as natural dental objects such as the teeth, bone, and other intraoral structures 

described above or as artificial dental objects such as the restorations, prostheses, appliances, 

hardware, and interim components of dental manufacture as described above. 

[0023] Terms such as "digital dental model", "digital dental impression" and the 

like, are intended to refer to three-dimensional representations of dental objects that may be used 

in various aspects of acquisition, analysis, prescription, and manufacture, unless a different 

meaning is otherwise provided or clear from the context. Terms such as "dental model" or "dental 

impression" are intended to refer to a physical model, such as a cast, printed, or otherwise 

fabricated physical instance of a dental object. Unless specified, the term "model", when used 

alone, may refer to either or both of a physical model and a digital model. 

[0024] It will further be understood that terms such as "tool" or "control", when used 

to describe aspects of a user interface, are intended to refer generally to a variety of techniques 

that may be employed within a graphical user interface or other user interface to receive user 

input that stimulates or controls processing including without limitation drop-down lists, radio 

buttons, cursor and/or mouse actions (selections by point, selections by area, drag-and-drop 

operations, and so forth), check boxes, command lines, text input fields, messages and alerts, 

progress bars, and so forth. A tool or control may also include any physical hardware relating to 
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the user input, such as a mouse, keyboard, display, keypad, track ball, and/or any other device 

that receives physical input from a user and converts the physical input into an input for use in a 

computerized system. Thus in the following description the terms "tool", "control" and the like 

should be broadly construed unless a more specific meaning is otherwise provided or clear from 

the context. 

[0025] Fig. 1 depicts a three-dimensional scanning system that may be used with the 

systems and methods described herein. In general, the system 100 may include a scanner 102 that 

captures images from a surface 106 of an object 104, such as a dental patient, and fonvards the 

images to a computer 108, which may include a display 110 and one or more user-input devices 

112, 114 such as a mouse 112 or a keyboard 114. The scanner 102 may also include an integrated 

input or output device 116 such as a control input (for example, button, touchpad, thumbwheel, 

etc.) or a display (for example, LCD or LED display) to provide status information. 

[0026] The scanner 102 may include any camera or camera system suitable for 

capturing images from which a three-dimensional point cloud or other three-dimensional data 

may be recovered. For example, the scanner 102 may employ a multi-aperture system as 

disclosed in U.S. Pat. No. 7,372,642 to Rohaly et al. While Rohaly discloses one multi-aperture 

system, it will be appreciated that any multi-aperture system suitable for reconstructing a three­

dimensional point cloud from a number of two-dimensional images may similarly be employed. 

In one multi-aperture embodiment, the scanner 102 may include a plurality of apertures including 

a center aperture positioned along a center optical axis of a lens that provides a center channel for 

the scanner 102, along with any associated imaging hardware. In such embodiments, the center 

channel may provide a conventional video image of the scanned subject matter, while a number 

of axially offset channels yield image sets containing disparity information that can be employed 

in three-dimensional reconstruction of a surface. In other embodiments, a separate video camera 

and/or channel may be provided to achieve the same result, that is, a video of an object 

corresponding temporally to a three-dimensional scan of the object, preferably from the same 

perspective, or from a perspective having a fixed, known relationship to the perspective of the 

scanner 102. The scanner 102 may also, or instead, include a stereoscopic, triscopic or other 

multi-camera or other configuration in which a number of cameras or optical paths are maintained 

in fixed relation to one another to obtain two-dimensional images of an object from a number of 

different perspectives. The scanner 102 may include suitable processing for deriving a three­

dimensional point cloud from an image set or a number of image sets, or each two-dimensional 

image set may be transmitted to an external processor such as contained in the computer 108 

described below. In other embodiments, the scanner 102 may employ structured light, laser 
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scanning, direct ranging, or any other technology suitable for acquiring three-dimensional data, or 

two-dimensional data that can be resolved into three-dimensional data. While the techniques 

described below can usefully employ video data acquired by a video-based three-dimensional 

scanning system, it will be understood that any other three-dimensional scanning system may be 

supplemented with a video acquisition system that captures suitable video data 

contemporaneously with, or otherwise synchronized with, the acquisition of three-dimensional 

data. 

[0027] In one embodiment, the scanner 102 is a handheld, freely-positionable probe 

having at least one user-input device 116, such as a button, lever, dial, thumb wheel, switch, or 

the like, for user control of the image capture system 100 such as starting and stopping scans. In 

an embodiment, the scanner 102 may be shaped and sized for dental scanning. More particularly, 

the scanner may be shaped and sized for intraoral scanning and data capture, such as by insertion 

into a mouth of an imaging subject and passing over an intraoral surface 106 at a suitable distance 

to acquire surface data from teeth, gums, and so forth. The scanner 102 may, through such a 

continuous data acquisition process, capture a point cloud of surface data having sufficient spatial 

resolution and accuracy to prepare dental objects such as prosthetics, hardware, appliances, and 

the like therefrom, either directly or through a variety of intermediate processing steps. In other 

embodiments, surface data may be acquired from a dental model such as a dental prosthetic, to 

ensure proper fitting using a previous scan of corresponding dentition, such as a tooth surface 

prepared for the prosthetic. 

[0028] Although not shown in Fig. 1, it will be appreciated that a number of 

supplemental lighting systems may be usefully employed during image capture. For example, 

environmental illumination may be enhanced with one or more spotlights illuminating the object 

104 to speed image acquisition and improve depth of field (or spatial resolution depth). The 

scanner 102 may also, or instead, include a strobe, flash, or other light source to supplement 

illumination of the object 104 during image acquisition. 

[0029] The object 104 may be any object, collection of objects, portion of an object, or 

other subject matter. More particularly with respect to the dental techniques discussed herein, the 

object 104 may include human dentition captured intraorally from a dental patient's mouth. A 

scan may capture a three-dimensional representation of some or all of the dentition according to 

particular purpose of the scan. Thus the scan may capture a digital model of a tooth, a quadrant of 

teeth, or a full collection of teeth including two opposing arches, as well as soft tissue or any 

other relevant intraoral structures. The scan may capture multiple representations, such as a tooth 

surface before and after preparation for a restoration. As will be noted below, this data may be 

6 

-251-



WO 2012/115863 PCT/0S2012/025554 

employed for subsequent modeling such as designing a restoration or determining a margin line 

for same. During the scan, a center channel of the scanner 102 or a separate video system may 

capture video of the dentition from the point of view of the scanner 102. In other embodiments 

where, for example, a completed fabrication is being virtually test fitted to a surface preparation, 

the scan may include a dental prosthesis such as an inlay, a crown, or any other dental prosthesis, 

dental hardware, dental appliance, or the like. The object 104 may also, or instead, include a 

dental model, such as a plaster cast, wax-up, impression, or negative impression of a tooth, teeth, 

soft tissue, or some combination of these. 

[0030] The computer 108 may include, for example, a personal computer or other 

processing device. In one embodiment, the computer 108 includes a personal computer with a 

dual 2.8GHz Opteron central processing unit, 2 gigabytes of random access memory, a TYAN 

Thunder K8WE motherboard, and a 250 gigabyte, 10,000 rpm hard drive. In one current 

embodiment, the system can be operated to capture more than five thousand points per image set 

in real time using the techniques described herein, and store an aggregated point cloud of several 

million points. Of course, this point cloud may further processed to accommodate subsequent 

data handling, such as by decimating the point cloud data or generating a corresponding mesh of 

surface data. As used herein, the term "real time" means generally with no observable latency 

between processing and display. In a video-based scanning system, real time more specifically 

refers to processing within the time behveen frames of video data, which may vary according to 

specific video technologies between about fifteen frames per second and about thirty frames per 

second. More generally, processing capabilities of the computer 108 may vary according to the 

size of the object 104, the speed of image acquisition, and the desired spatial resolution of three­

dimensional points. The computer 108 may also include peripheral devices such as a keyboard 

114, display 110, and mouse 112 for user interaction with the camera system 100. The display 

110 may be a touch screen display capable of receiving user input through direct, physical 

interaction with the display 110. In another aspect, the display may include an autostereoscopic 

display capable of displaying stereo images. 

[0031] Communications between the computer 108 and the scanner 102 may use any 

suitable communications link including, for example, a wired connection or a wireless connection 

based upon, for example, IEEE 802.11 (also known as wireless Ethernet), BlueTooth, or any 

other suitable wireless standard using, for example, a radio frequency, infrared, or other wireless 

communication medium. In medical imaging or other sensitive applications, wireless image 

transmission from the scanner 102 to the computer 108 may be secured. The computer 108 may 
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generate control signals to the scanner 102 which, in addition to image acquisition commands, 

may include conventional camera controls such as focus or zoom. 

l0032] 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 

fonvarded to the computer 108 for derivation of three-dimensional point clouds. The three­

dimensional data for each newly acquired two-dimensional image set may be derived and fitted or 

"stitched" to existing three-dimensional data using a number of different techniques. Such a 

system employs camera motion estimation to avoid the need for independent tracking of the 

position of the scanner 102. One useful example of such a technique is described in commonly­

owned U.S. App. No. 11/270,135, filed on November 9, 2005. However, it will be appreciated 

that this example is not limiting, and that the principles described herein may be applied to a wide 

range of three-dimensional image capture systems. 

[0033] The display l l O may include any display suitable for video or other rate 

rendering at a level of detail conesponding to the acquired data. Suitable displays include cathode 

ray tube displays, liquid crystal displays, light emitting diode displays and the like. In general, the 

display 110 may be operatively coupled to, and capable of receiving display signals from, the 

computer 108. This display may include a CRT or flat panel monitor, a three-dimensional display 

(such as an anaglyph display), an autostereoscopic three-dimensional display or any other suitable 

two-dimensional or three-dimensional rendering hardware. In some embodiments, the display 

may include a touch screen interface using, for example capacitive, resistive, or surface acoustic 

wave (also refened to as dispersive signal) touch screen technologies, or any other suitable 

technology for sensing physical interaction with the display 110. 

[0034] The system 100 may include a computer-usable or computer-readable medium. 

The computer-usable medium 118 may include one or more memory chips ( or other chips, such 

as a processor, that include memory), optical disks, magnetic disks or other magnetic media, and 

so forth. The computer-usable medium 118 may in various embodiments include removable 

memory (such as a USB device, tape drive, external hard drive, and so forth), remote storage 

(such as network attached storage), volatile or non-volatile computer memory, and so forth. The 

computer-usable medium 118 may contain computer-readable instmctions for execution by the 

computer 108 to perform the processes described herein such as the process described in detail 

with reference to Fig. 3. The computer-usable medium 118 may also, or instead, store data 

received from the scanner 102, store a three-dimensional model of the object 104, store computer 

code for rendering and display, and so forth. 
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[0035] Fig. 2 depicts an optical system 200 for a three-dimensional scanner that may 

be used with the systems and methods described herein, such as for the scanner 102 described 

above with reference to Fig. 1. 

[0036] The optical system 200 may include a primary optical facility 202, which may 

be employed in any kind of image processing system. In general, a primary optical facility refers 

herein to an optical system having one optical channel. Typically, this optical channel shares at 

least one lens, and has a shared image plane within the optical system, although in the following 

description, variations to this may be explicitly described or otherwise clear from the context. The 

optical system 200 may include a single primary lens, a group oflenses, an object lens, mirror 

systems (including traditional mirrors, digital mirror systems, digital light processors, or the like), 

confocal mirrors, and any other optical facilities suitable for use with the systems described 

herein. The optical system 200 may be used, for example in a stereoscopic or other multiple 

image camera system. Other optical facilities may include holographic optical elements or the 

like. In various configurations, the primary optical facility 202 may include one or more lenses, 

such as an object lens (or group oflenses) 202b, a field lens 202d, a relay lens 202f, and so forth. 

The object lens 202b may be located at or near an entrance pupil 202a of the optical system 200. 

The field lens 202d may be located at or near a first image plane 202c of the optical system 200. 

The relay lens 202fmay relay bundles of light rays within the optical system 200. The optical 

system 200 may further include components such as aperture elements 208 with one or more 

apertures 212, a refocusing facility 210 with one or more refocusing elements 204, one or more 

sampling facilities 218, and/or a number of sensors 214a, 214b, 214c. 

[0037] The optical system 200 may be designed for active wavefront sampling, which 

should be understood to encompass any technique used to sample a series or collection of optical 

data from an object 220 or objects, including optical data used to help detect two- or three­

dimensional characteristics of the object 220, using optical data to detect motion, using optical 

data for velocimetry or object tracking, or the like. Further details of an optical system that may 

be employed as the optical system 200 of Fig. 2 are provided in U.S. Pat. No. 7,372,642. More 

generally, it will be understood that, while Fig. 2 depicts one embodiment of an optical system 

200, numerous variations are possible. On salient feature of the optical system related to the 

discussion below is the use of a center optical channel that captures conventional video or still 

images at one of the sensors 214b concurrent with various offset data (at, for example, 214a and 

214c) used to capture three-dimensional measurements. This center channel image may be 

presented in a user interface to permit inspection, marking, and other manipulation by a user 

during a user session as describe below. 
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[0038] Fig. 3 shows a three-dimensional reconstruction system 300 employing a high­

speed pipeline and a high-accuracy pipeline. In general, the high-speed processing pipeline 330 

aims to provide three-dimensional data in real time, such as at a video frame rate used by an 

associated display, while the high-accuracy processing pipeline 350 aims to provide the highest 

accuracy possible from scanner measurements, subject to any external computation or time 

constraints imposed by system hardware or an intended use of the results. A data source 310 such 

as the scanner 102 described above provides image data or the like to the system 300. The data 

source 310 may for example include hardware such as LED ring lights, wand sensors, a frame 

grabber, a computer, an operating system and any other suitable hardware and/or software for 

obtaining data used in a three-dimensional reconstruction. Images from the data source 310, such 

as center channel images containing conventional video images and side channels containing 

disparity data used to recover depth information may be passed to the real-time processing 

controller 316. The real-time processing controller 316 may also provide camera control 

information or other feedback to the data source 310 to be used in subsequent data acquisition or 

for specifying data already obtained in the data source 310 that is needed by the real-time 

processing controller 316. Full resolution images and related image data may be retained in a full 

resolution image store 322. The stored images may, for example, be provided to the high­

accuracy processing controller 324 during processing, or be retained for image review by a 

human user during subsequent processing steps. 

[0039] The real-time processing controller 316 may provide images or frames to the 

high-speed (video rate) processing pipeline 330 for reconstruction of three-dimensional surfaces 

from the two-dimensional source data in real time. In an exemplary embodiment, two­

dimensional images from an image set such as side channel images, may be registered by a two­

dimensional image registration module 332. Based on the results of the two-dimensional image 

registration, a three-dimensional point cloud generation module 334 may create a three­

dimensional point cloud or other three-dimensional representation. The three-dimensional point 

clouds from individual image sets may be combined by a three-dimensional stitching module 336. 

Finally, the stitched measurements may be combined into an integrated three-dimensional model 

by a three-dimensional model creation module 338. The resulting model may be stored as a high­

speed three-dimensional model 340. 

[0040] The high-accuracy processing controller 324 may provide images or frames to 

the high-accuracy processing pipeline 350. Separate image sets may have two-dimensional image 

registration performed by a two-dimensional image registration module 352. Based on the results 

of the two-dimensional image registration a three-dimensional point cloud or other three-
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dimensional representation may be generated by a three-dimensional point cloud generation 

module 354. The three-dimensional point clouds from individual image sets may be connected 

using a three-dimensional stitching module 356. Global motion optimization, also referred to 

herein as global path optimization or global camera path optimization, may be performed by a 

global motion optimization module 357 in order to reduce errors in the resulting three­

dimensional model 358. In general, the path of the camera as it obtains the image frames may be 

calculated as a part of the three-dimensional reconstruction process. In a post-processing 

refinement procedure, the calculation of camera path may be optimized - that is, the 

accumulation of errors along the length of the camera path may be minimized by supplemental 

frame-to-frame motion estimation with some or all of the global path information. Based on 

global information such as individual frames of data in the image store 322, the high-speed three­

dimensional model 340, and intermediate results in the high-accuracy processing pipeline 350, 

the high-accuracy model 3 70 may be processed to reduce errors in the camera path and resulting 

artifacts in the reconstructed model. As a further refinement, a mesh may be projected onto the 

high-speed model by a mesh projection module 360. The resulting images may be warped or 

deformed by a warping module 362. Warped images may be utilized to ease alignment and 

stitching between images, such as by reducing the initial error in a motion estimation. The warped 

images may be provided to the two-dimensional image registration module 352. The feedback of 

the high-accuracy three-dimensional model 370 into the pipeline may be repeated until some 

metric is obtained, such as a stitching accuracy or a minimum error threshold. 

[0041] Various aspects of the system 300 of Fig. 3 are described in greater detail 

below. It should be understood that various processing modules, or the steps implied by the 

modules, shown in this figure are exemplary in nature and that the order of processing, or the 

steps of the processing sequence, may be modified, omitted, repeated, re-ordered, or 

supplemented, without departing from the scope of this disclosure. 

[0042] Fig. 4A shows an object 410 for imaging, along with a path 415 that a camera 

may follow while obtaining a three-dimensional scan of a surface of the object 410. The direction 

of the path 415 is indicated generally by an arrow 416. The object 410 may be an upper dental 

impression (as shown) or any other object from which three-dimensional surface data is sought. 

Starting the camera at a starting point 420, the camera may follow an arc 430 to a second point 

422. The camera may then follow a segment 432 to a third point 424. The camera may then 

follow a second arc 434 to a fourth point 426. The camera may then follow a second segment 436 

to return approximately to the starting point 420. It should be noted that the path 415 followed by 

the camera may be irregular rather than smooth, and that while a particular path 415 is depicted, 
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more generally any path may be taken by the camera including paths that double back upon 

themselves, cross over identical regions two or more times, and/or entirely skip various surfaces 

of the object 410. It should also be noted that the camera path 415 may usefully return to the 

starting point 420, but this is not strictly required for three-dimensional reconstruction as 

described herein. The camera may take hundreds or thousands of images or more as the camera 

traverses the path around such a dental object 410. 

[0043] Fig. 4B shows locations where additional scan data might usefully be acquired 

to improve the accuracy of a three-dimensional reconstruction. For example, arcs 440, 442, 444, 

and 446 may be scanned (for example, traversed by the camera path) to provide cross linking 

between various lengths of the camera path. Data might usefully be acquired, for example, from 

any area that can improve computational accuracy of a three-dimensional reconstruction such as 

regions where the length ofa camera path between two measurements of the surface (for 

example, image sets or image data) is significantly greater than the distance between the two 

corresponding surface locations in the world coordinate system for the camera path. It will be 

appreciated that this may be a Euclidean distance or any suitable proxy for distance. For example, 

the length of the camera path may be measured in terms of the number of camera path segments, 

or the number of camera path segments from key frame to key frame, between two camera poses 

in Euclidean space. As another example, this may include regions where separate three­

dimensional measurements for a general region of the reconstructed three-dimensional model fail 

to register to one another, or other indicia of accumulated error in the global camera path might 

be present. 

[0044] Fig. 5 shows a user interface depicting a graphical request for additional scan 

data. After the camera follows the path 415 illustrated above, a software tool may be utilized to 

identify various locations where additional data might usefully be acquired to reduce accumulated 

error in a global camera path, such as two frames of image data that represent a candidate for an 

accumulated error in camera path relative to one another using, for example, any of the 

techniques described above. A monitor 510 may display an image 520 such as a three­

dimensional reconstruction of scanned subject matter, and an arrow 530 may be displayed on the 

monitor 510 indicating where additional scanning is recommended. The user may then proceed to 

use a scanner, such as the scanner 102 from Fig. 1, to scan the area indicated by the arrow 530. 

More generally, areas for additional scanning may be identified to a user in a graphical user 

interface that displays a reconstructed three-dimensional model from the camera path, along with 

arrows or other identifiers or graphical annotations that illustrate a recommended scan path. After 

a user augments a camera path with additional scans, the resulting data can be employed to 
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resolve differences (that is, errors) in the global camera path, as described generally throughout 

this disclosure. 

l0045] Fig. 6A illustrates a simple camera path in a world coordinate system. The 

camera starts at a starting point 610 and follows a path 620 in a counterclockwise direction as 

indicated by an arrow 625, returning to an ending point coincident with the starting point 610 in a 

fixed coordinate system, such as an arbitrarily selected world coordinate system. 

[0046] Fig. 6B shows a simple camera path in a camera coordinate system. When a 

camera traverses the path 620 in the world coordinate system, errors may accumulate in a 

calculated camera path 635 so that a measured ending point 640 appears to be located away from 

the measured starting point 630 in the camera coordinate system, even though these points are 

identical in the world coordinate system. In one aspect, one or more cross links such as those 

described above with reference to Fig. 4 may be employed to mitigate accumulated errors in the 

calculated camera path 635. 

[0047] Fig. 7 is a flow chart of a three-dimensional reconstruction process including 

global path optimization for improved accuracy. 

[0048] The process 700 may begin with preprocessing as shown in step 710. It will be 

understood that preprocessing as described herein presupposes the availability of a number of 

frames of image data from which a camera path and three-dimensional model can be 

reconstructed. The information for the three-dimensional reconstruction may be generated in 

numerous ways including coming from strnctured light projection, shading based three­

dimensional reconstruction, or disparity data. Disparity data may be generated by a conventional 

image plus one or more other channels or side channels. The preprocessing may include 

determining the number of available frames, the time duration over which all the frames were 

taken, the amount of overlap between neighboring frames, identification and elimination of 

frames with blurred or badly distorted images, and any other suitable preprocessing steps. An 

estimate of the number of desired key frames may be initially determined during the 

preprocessing step. 

[0049] As shown in step 712, key frames may be selected from among all of the 

frames of data acquired from a scanner along a camera path. In general, computational costs can 

be reduced by storing certain data and performing certain calculations and processing steps 

exclusively with reference to key frames. In principle, these key frames should be related to one 

another in a manner that permits characterization of a camera path, typically through the 

registration of overlapping three-dimensional data in respective key frames. Various methods are 

known in the art for selecting a subset of frames of data as key frames, including techniques 
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based on image overlap, camera path distance, the number of intervening non-key frames and so 

forth. For example, key frames may be selected based on time duration from an immediately 

preceding key frame. Key frames may also or instead be selected based upon an amount of image 

overlap from the preceding key frame and/or a candidate for a following key frame (if available). 

Too little overlap makes frame-to-frame registration difficult. Too much overlap drives larger 

numbers of key frames and therefore larger amounts of data to analyze. Key frames may be 

selected based on spatial displacement, meaning that an upper limit may be placed on the amount 

of overlap from one key frame to the next. Key frames may also be selected based on sequential 

displacement. This type of sequential displacement could mean that every tenth frame is 

determined to be a key frame, for example. In one aspect, key frames may be selected as data is 

acquired based on any number of suitable criteria. In another aspect, key frame pairs may be 

determined post hoc by examining all possible candidate key frames. All possible key frame pairs 

may be examined and candidates may be removed, for example, where there is insufficient 

overlap to form a stitch. Still more generally, any technique suitable for selecting a subset of 

frames in a data set may be usefully employed to select key frames for processing in order to 

reduce computational complexity. 

[0050] Once key frames have been selected, additional processing may be performed. 

For example, full image data (for example, full resolution center and side channel images) may be 

stored for each key frame, along with image signature data, point cloud centroid calculations, and 

any other measured or calculated data to support use of the key frames in a three-dimensional 

reconstruction process as described herein. 

[0051] As shown in step 714, candidate stitches may be identified. In general, a stitch 

is a relationship between two separate three-dimensional measurements from two different 

camera positions. Once a stitch is established, a rotation and a translation may be determined for 

the path of a camera between the two different camera positions. In a complementary fashion, the 

three-dimensional measurements from the two different camera positions may be combined into a 

portion of a three-dimensional model. Candidate stitches may be analyzed around each key 

frame, such as from the key frame to some or all of the frames of data between the key frame and 

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

useful to deform or warp two-dimensional images during registration and other steps in a 

stitching process in order to improve accuracy and/or speed each stitch calculation. Stitches may 

also or instead be based on other observed epipolar relationships in source data. 
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[0052] As shown in step 716, stitches may be selected for the complete camera path 

from the universe of candidate stitches. The selection of stitches may be made based upon, for 

example, the lowest calculated etTor in resulting portions of the three-dimensional model. 

[0053] As shown in step 718, a graph analysis may be performed using the key frames 

and the associated stitching to calculate a global path for the camera used to obtain a three­

dimensional model. The graph analysis may consider each key frame as a node or vertex and each 

stitch as an edge between a pair of nodes. A key frame is selected as a starting point. A breadth­

or depth-first search may be perfonned through the graph to identify stitches which may connect 

the cutTent key frame to another key frame. Each key frame is marked as the graph is proceeded 

through. A check may be performed to see if all key frames have been reached within the graph. 

If all key frames have not been reached through traversing stitches in the graph analysis, the 

largest sub-graph is identified. This sub-graph may be examined to see if the entire three­

dimensional image may be modeled. 

[0054] It may be that certain sub-graphs are not required to complete the three­

dimensional imaging. If the camera lingered over a particular region of a surface of an object, or 

if the camera looped on a region multiple times, the associated sub-graph(s) may not be needed. If 

a separate sub-graph is identified, which is needed to complete the three-dimensional imaging, an 

optional branch back to step 712 may be performed. For example, a set of key frames may have 

been selected which did not have sufficient stitching from one key frame to the next key frame. 

By choosing a different set of key frames, sufficient stitching may be obtained in order to obtain a 

complete graph of all needed aspects of the three-dimensional imaging. A key frame which is too 

sparse, meaning it has insufficient stitches to aid in building a graph, may indicate that a different 

set of key frames should be selected. Based on the graph analysis, a global path may be selected, 

and the graph may then be analyzed to optimize the path calculation. 

[0055] As shown in step 720, a numerical optimization may be performed to reduce 

etTors in the calculated camera path based upon available data for the complete camera path such 

as, for example, cross links that intenelate temporally distant measurements. In general, the 

objective of numerical optimization is to minimize a calculated error based upon an enor function 

for the camera path and/or reconstructed three-dimensional model. A useful formulation of the 

etTor minimization problem for a global camera path is presented below. 

[0056] There may be a set of candidate camera positions and orientations referenced to 

a world coordinate system. A camera position and orientation collectively may be refened to as a 

camera pose. There may be a set of measured frame-to-frame camera motions. A camera 

translation and rotation collectively may be refetTed to as a camera motion. A measured camera 
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motion may be referenced in the coordinate system of one camera pose. An example set of three 

key frames may be obtained from three camera positions, A, B, and C, each of which may be 

referenced to an origin, 0, of a world coordinate system in three-dimensional space. In addition to 

the position of these points, a camera at each of these points may have a different orientation. A 

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

each of these points are motion parameters including a translation (a change in position) and a 

rotation (a change in orientation). The relationship between a point, X, expressed in the world 

coordinate system as X 0 and the same point expressed in the A coordinate system, XA may be 

given by equation (1): 

(1) XA=RaAXa+TaA 

RaA is the rotation, taking points from the world to the A coordinate system. TaA is the 

translation of the world coordinate system as represented in the A coordinate system. It should be 

understood that symbols X and T may represent a vector, rather than a scalar, for example where 

X includes x, y, and z coordinate values. Further, it should be understood that symbol R may 

represent a matrix. Equations (2) and (3) may similarly represent a transform transformation 

between the world and the B and C coordinate systems respectively: 

(2) XB = RaBX o + TaB 

(3) Xe =RacXo +Tac 

l0057] By rearranging, equation (1) and equation (2) may be represented as shown in 

equation (4): 

(4) Xa =R;~(xA -ToJ=R;~(xB -ToB) 

l0058] The representation of a point in one camera's coordinate system may be related 

to the same point in another coordinate system. For example, as in equations 1-3, coordinates ofa 

point, X, may be transformed from the A coordinate system to the B coordinate system as follows: 

(5) XB =RABXA +TAB 

[0059] The rotation RAB rotates points from the A to the B coordinate system and T4B is 

the position translation of the origin of the A coordinate system in the B coordinate system. 

[0060] In an optimization, the pose of every camera may be optimized based on 

measured transforms between camera poses. That is, a number of camera-to-world or world-to­

camera rotations and translations, for example, Ron and Ton may be performed. It will be 

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

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

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

the ith such measured frame-to-frame motion, let one of the cameras of the pair be camera A and 

the other be camera B. This may also be considered the ith stitch that relates the camera poses for 

A and B. Let R ~B be the measured rotation taking points in the A system to the B system and T~B 

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

[0062] The rotations and translations for all cameras, Ron and Ton may be optimized. It 

will be appreciated that, while these expressions and the following discussion are cast in terms of 

rotations and translations from the individual camera coordinate systems to a single world 

coordinate system, this characterization is not intended to limit the generality of this disclosure. A 

similar or complementary analysis may be performed using the reverse of these transforms, or 

any other transform or collection of transforms (typically, although not necessarily rigid 

transforms) capable of describing a camera path across multiple poses. The constraints on camera 

motion from one pose, A, to another pose, B, for an /h stitch or relationship may be expressed 

relative to a world coordinate system as rotations, R~,oA and R~,os. and translations, T~,oA and 

Ttos. This relationship is further constrained by the camera path from A to B, which may be 

expressed as a rotation and a translation as follows: 

(6) 

(7) 

R' =Ri (R' rl 
C,AB C,OB C,OA 

T' =Ti -R; T' 
C,AB C,OB C,AB C,OA 

[0063] Note that with sufficient stitches, these relationships may form an 

overdetennined system of motion constraint equations. Using these equations as a starting point, 

numerical optimization may be performed on the rotational and translational components of each 

camera pose based on the measured stitches. 

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

be independently optimized. This approach may generally be used where there are constraints on 

one component (for example, rotation) that do not depend on the other component. Given a 

candidate set of camera rotations, R~, the corresponding candidate camera-to-camera rotations, 

R~7,AB, may be computed that correspond to each of the measured camera-to-camera rotations, 

R ~B • The conesponding residual rotations, which should be identity in an error free camera path, 

are given by R;esidual,AB = R~AB (R,~B )-
1

• A scalar-valued rotational cost function, er, may be 

computed that depends on the candidate camera rotations: 
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# stitches . T . 

er (Rc,on) = L r; r;' where r: = logS0(3) R!esidual,AB 
i=l 

In equation (8), logso(3)(R) returns an axis-angle vector, v, that corresponds to 

the rotation R. In other words, logso(3)(R) returns the vector, v, that has a cross-product matrix, 

[ v L, that is the matrix logarithm of R. 

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

that depends on the candidate rotations and translations. 

#stitches . T . 

(9) et (Rc,on, Tc,on) = L r/ 1~
1

, where r/ = T~,AB - T~B 
i=l 

[0067] In one conventional, decoupled approach to solving these simultaneous 

systems of equations, the rotational error function may be converted into a quaternion expression 

in order to translate the numerical problem into a linear system of equations for solution, as 

described for example in Combining two-view constraints for motion estimation, Govindu V., 

Proc. of the Int. Conj on Computer Vision and Pattern Recognition, vol. 2, pp. 218-225 (July 

2001 ). \Vhile this approach may be numerically convenient, it does not enforce the unit norm 

constraint for the quaternion solution, which may result in inaccuracy. Thus in one aspect, a path 

optimization technique may be improved by minimizing equation (8) for rotation as a nonlinear 

optimization and minimizing equation (9) for translation as a linear optimization. In another 

aspect, the more computationally efficient linear system of equations may be used to generate an 

initial estimate for an iterative optimization that uses non-linear optimization. 

[0068] More generally, the decoupled approach described above may fail to provided 

a truly optimal result, in a maximum-likelihood sense, where it cannot use infonnation from the 

translation portion of the stitches in determining rotation. Nonetheless, a substantial amount of 

work in this field aims to overcome the disadvantages of decoupled optimization, as described for 

example in A solution for the registration of multiple 3D point sets using unit quaternions, 

Benjemaa R. and F. Shmitt, Proc. ECCV '98, pp. 34-50 (June 1998); Global registration of 

multiple 3D point sets via optimization-on-a-manifold, Krishnan S., Lee P.Y., Moore J.B., 

Venkatasubramanian S., Eurographics Symp. Geometry Processing (2005); and Simultaneous 

registration of multiple corresponding point sets, Williams J., Bennamoun M., Computer Vision 

and Image Understanding, vol. 81, no. 1, pp. 117-142 (2001). 

[0069] In one aspect disclosed herein, a coupled approach to optimization may instead 

be used to minimize overall error in a camera path. In order to achieve a coupled optimization a 

weighting may be used to balance the contributions of rotational and translational components to 

a combined cost function: 
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Multiple approaches may be used to weight the relative contribution of translations and 

rotations. In one embodiment the weights may be expressed as matrices, with different stitches 

receiving different weightings based upon any of a number of factors. For example, the weights 

may be based on the number of points in a stitch (for example, the shared content), the quality of 

a particular three-dimensional measurement, and/or any other factors impacting the known 

reliability of a stitch. In one approach, the weight matrices may also account for anisotropic error 

in the individual points collected, such as due to acquisition of depth infonnation from disparity 

measurements, which results in measurement precision that varies with distance from the camera. 

[0070] In some cases, equation (10) may be reformulated so that the rotation and 

translation weights are decoupled for each stitch (that is, W} is a block diagonal). In particular, 

this may occur in the case that the motion stitches are recovered from three-dimensional point 

conespondences with isotropic point error. In that case, for a given stitch i, between poses A and 

B, the optimal solution may bring the point cloud as seen from pose A into conespondence with 

that seen from pose B. If x: and X~ are the positions of the center of the point cloud in the A 

and B systems respectively, then if r/ is replaced in equation (10) with the residual displacement 

between the point-cloud centers based on the candidate camera pose. This latter residual 

displacement may be expressed as: 

(11) 

Equation (10) may then be reformulated as: 

(12) 

[0071] In general, by minimizing equation (10), both rotational errors and 

translational enors may be minimized simultaneously. The weight matrices can be chosen for 

example according to "First Order Error Propagation of the Procmstes Method for 3D Attitude 

Estimation" by Leo Dorst, IEEE Transactions on Pattern Analysis and Machine Intelligence, Vol. 

27, No. 2, pp. 221-9 (Feb. 2005). Once a more consistent set of motion parameters has been 

generated the three-dimensional model may be updated. 

[0072] When total error or some portion of error has been minimized, the resulting 

value may be evaluated. The calibration state of the scanner and associated equipment may be 

evaluated based on the minimized enor values. If a minimized error falls beyond a certain 
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threshold then calibration for the scanner and associated hardware may be recommended. The 

threshold value may be empirically determined based on the specific scanner hardware equipment 

or it may be learned experientially over time for a given system. When a system is new or has 

been freshly aligned, expected minimized error values may be obtained. When minimized error 

values deviate from these expected values, a calibration state evaluation flag may be set 

indicating that the tool should be calibrated. Thus in one aspect, a coupled ( or uncoupled) error 

function may be employed to validate calibration and determine when re-calibration of a device is 

appropriate. 

[0073] As shown in step 722, upsampling may be performed to augment a three­

dimensional model with data from non-key frames. In general, upsampling may include any 

technique for addition of data to a result. For example, while the global optimization described 

above generally refers to optimization among key frames in a contiguous camera path, the 

resulting optimized three-dimensional model may be supplemented by registering non-key frames 

to one or more nearby key frames in a manner that creates small, local reconstruction patches that 

include additional three-dimensional detail available from non-key frames. Or upsampling may 

be performed by correcting the corresponding camera path for non-key frames according to a 

globally optimized path for the key frames. Thus in one aspect, upsampling may more generally 

be understood as any use of optimized data to incorporate related, non-optimized data into a 

camera path or three-dimensional model. 

[0074] Fig. 8 shows a reconstruction process 800 using numerical optimization as 

described above. In one aspect, this optimization technique may be usefully applied to minimize 

errors in a camera path where spatial links between non-sequential camera poses ( or 

corresponding data sets used to recover three-dimensional surface data) can be identified. For 

example, where a scan path covers a buccal surface followed by an occlusal or lingual surface, 

many spatial links might be identified between non-continguous camera path segments associated 

with each surface. Under these conditions, a global optimization may significantly improve the 

accuracy of a three-dimensional reconstruction by reducing errors in the motion estimation 

parameters for the camera path. It will be understood that the disclosed method may also or 

instead be embodied in a computer program, a computer program product, or an apparatus 

embodying any of the foregoing. 

[0075] As shown in step 802, the process may begin with acquiring data sets such as a 

data set from a surface of a dental object with a hand-held scanner from each one of a sequence of 

poses along a camera path, thereby providing a plurality of data sets. The hand-held scanner may, 

for example, be the video-based scanner described above. The hand-held scanner may instead 
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include any other type of hand-held scanner suitable for intra oral dental scanning, such as a time­

of-flight scanner, a structured light scanner, and so forth. The data sets may be any conesponding 

data acquired for each camera pose that is used to recover three-dimensional data. 

[0076] It should be understood that in this context, the camera path may correspond to 

a physical camera path that describes the path actually taken by a scanner during a scan, or the 

camera path may also or instead include a virtual camera path formed from a plurality of different 

physical camera paths or other virtual camera paths that intersect with one another. Such a virtual 

camera path may be created wherever poses from two or more physical paths can be interrelated 

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

different scans of the same physical subject matter. The use of virtual camera paths may be 

particularly useful, for example, where a large scan such as a full arch scan is created from data 

acquired during two or more discontinuous scanning sessions. Under these conditions, global 

optimization of a virtual camera path can be used to improve consistency of the combined data in 

a global coordinate system. 

[0077] As shown in step 804 each one of the poses in the sequence of poses may be 

associated with a previous pose and a next pose by a spatial link such as motion estimation 

parameters or other camera path information. It should also be understood that while a system 

may infer camera path from the resulting three-dimensional measurements at each camera 

position and orientation, the camera path may also, or instead be obtained using a hardware-based 

positioning system based upon, for example, accelerometers, a geopositioning system, external 

position sensors, transducers in an articulating arm or any other combination of sensors and 

techniques suitable for detecting camera position and/or orientation with sufficient accuracy for 

the intended three-dimensional reconstruction. 

[0078] This spatial link data reflects the physical camera path in the order in which 

data was acquired, thus providing a plurality of spatial links that characterize the camera path 

during a data acquisition process. The sequence of poses may, for example, be made up of key 

frames (or sequential pairs of key frames) as generally described above, where additional data 

sets are acquired from one or more additional poses between each sequential pair of key frames. 

Key frames may be usefully employed, for example, to reduce the computational complexity of 

path optimization while retaining a contiguous camera path of sequential poses. After path 

optimization is complete, additional three-dimensional data may be added based upon the one or 

more additional data sets and the one or more additional poses from between key frames. As 

described above, key frames may be selected from a larger set of poses using a metric to evaluate 

a quality of a resulting three-dimensional reconstruction, a quality of the estimated motion 
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parameters between poses, a degree of overlap in scanned subject matter, a graph analysis or any 

other useful technique or metric. 

l0079] As shown in step 806, at least one non-sequential spatial link may be identified 

between two non-sequential ones of the poses based upon the data set for each of the two non­

sequential ones of the poses. Thus for example two data sets from a buccal and lingual scan 

segment may be related to one another based upon camera position, the three-dimensional data 

recovered from the respective data sets, or any other data acquired during a scanning process. In 

one aspect, a metric may be employed to identify candidates for non-sequential spatial links, such 

as a ratio of spatial distance between two data sets to the length of an intervening camera path. 

Thus the non-sequential spatial link(s) may associate two of the sequence of poses that are 

separated by a substantially greater distance along the camera path than along the surface of the 

dental object. This may be based on the data set for each of the two non-sequential ones of the 

poses, such as by using camera pose data to determine a surface position or by identifying an 

overlap in the reconstructed three-dimensional data obtained using the data set for two non­

sequential poses. This may also inlcude displaying a region for one or more candidate links in a 

user interface and receiving a supplemental scan of the region, as described above for example 

with reference to Fig. 5. 

[0080] As shown in step 808, a global motion optimization may be performed on the 

camera path to minimize an error among the plurality of spatial links and the at least one non­

sequential spatial link, thereby providing an optimized camera path. This may employ, for 

example, any of the optimization techniques described above. More generally, this may include 

any technique for minimizing errors in motion estimation parameters expressed as a function of 

one or more of rotation, translation, coupled rotation and translation, and decoupled rotation and 

translation, and/or any technique for aligning the three-dimensional data reconstructed from the 

data sets in a global coordinate system or improving a consistency of the sequence of poses along 

the camera path in the global coordinate system. 

[0081] As shown in step 810, a three-dimensional model of the dental object may be 

reconstructed using known techniques based upon the optimized camera path and the plurality of 

data sets. 

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

the applicants have devised improved techniques for error minimization when camera path is 

used for three-dimensional reconstrnction. More specifically, by observing that intra-oral 

scanning often employs a number of adjacent, relatively straight global paths such as for lingual, 

occlusal, and buccal surfaces ( as dictated in part by the relatively restricted oral access to the 
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relatively large surfaces of dentition) , and by observing that intra-oral scanning regularly returns 

to earlier scan positions, the applicants have devised an optimization technique that takes 

advantage of the spatial relationship between certain non-sequential frames of data. The approach 

described above solves the problem of conflicting data for local measurements by using an error 

minimization technique that globally addresses the camera path, including the interrelationship of 

non-sequential frames of data. This may be particularly useful, for example for scans covering 

gums, soft tissue, full arches, orthodontic components and the like where scanning a large area 

typically entails multiple passes over various regions of the scanned surface. 

[0083] Fig. 9 is a flow chart of a hybrid stitching process for combining disparate 

three-dimensional scans of a common surface. In scanning techniques that use a camera path for 

reconstruction, the full scan data for an object may include any number of disparate scans with 

camera paths, or more generally stitch graphs, that are not directly spatially related to one 

another. The following process 900 provides a technique for establishing spatial relationships 

between such stitch graphs through a series of local geometry-based registrations. The resulting, 

combined model may then be subjected to any of the optimization techniques described above as 

though it had been obtained from a single, continuous scan. 

[0084] As shown in step 902, the process 900 may begin with obtaining a first three­

dimensional model including a first plurality of frames of data, each including sets of three­

dimensional points spatially related to one another by a first camera path. It will be understood 

that a 'camera path' generally refers to a sequential series of poses connected by a number of 

transforms from one to the next. However, the camera path of the model may more generally 

include any number of interrelationships or 'stitches' between non-sequential poses that can be 

inferred from other spatial infonnation such as overlapping regions of an object surface in the 

accompanying sets of three-dimensional points. In the foregoing description, terms such as 

camera path and stitch graph should be broadly interpreted to include any rigid transformations 

and/or other descriptive data that characterizes camera motion (and reliability thereof) in a 

manner that permits path-based reconstruction of a three-dimensional surface. Step 902 may also 

include obtaining a second three-dimensional model including a second plurality of frames of 

data, each including sets of three-dimensional points spatially related one another by a second 

camera path. The second model may, for example, be obtained after a first scan is automatically 

or manually interrupted, or after a first scan is completed and additional data is required or 

desired, either by a user or in response to prompting from a scanning system as contemplated 

above. More generally, the second three-dimensional model may be any disparate data set that is 
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not directly spatially related to the first three-dimensional model through a single scan or camera 

path. 

l 0085] As shown in step 904 one of the first plurality of sets of three-dimensional 

points may be registered to one of the second plurality of sets of three-dimensional points. This 

registration may use an iterative closest point algorithm, image-based registration or any suitable 

technique for three-dimensional registration of points and/or surfaces. In one aspect, a surface 

mesh may be obtained for use in the registration process. Thus a surface mesh of the first and 

second plurality of sets of three-dimensional points may be generated with a mesh generation 

algorithm to obtain polygonal surface representations of each model ( or portions thereof). This 

may generally include generating a surface mesh of the entire first and second models, or a 

known overlapping surface of the first and second data sets, or a neighborhood surrounding a 

known common surface, or each of the entire first and second models. The resulting first surface 

mesh and second surface mesh may then be registered to one another using any suitable 

techniques, resulting in a known, rigid transformation between the first model and the second 

model ( or between the first surface mesh from the first model and the second surface mesh from 

the second model). As a result of this spatial relationship, the first three-dimensional model and 

the second three-dimensional model can be placed in a shared coordinate system that permits 

subsequent processing using data from both models as a combined surface. 

[0086] As shown in step 906, the process 900 may include creating a virtual stitch 

graph that spatially relates individual ones of the first plurality of sets and the second plurality of 

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

includes the first plurality of sets and the second plurality of sets all spatially related by the virtual 

stitch graph. Numerous techniques may be employed for synthesizing a virtual stitch graph to 

inter-relate the models. The details of one particular approach are provided below with reference 

to Fig. 10. It will be appreciated that the term 'virtual' as used in this context is intended to 

distinguish models using data from multiple disparate scans. Thus while the source of data 

(multiple camera paths) used to calculate 'virtual stitches' and/or virtual stitch graphs may be 

different from the data (single camera paths) used to calculate other stitches and graphs, the 

resulting data can advantageously be provided in a fonn for use interchangeably with and 

undistinguishable from data derived from a single scan. As such, in a preferred embodiment, 

there may be little to distinguish a 'virtual' stitch or a virtual stitch graph from those that are not 

virtual, except perhaps for their absence from the two or more disparate models from which they 

were derived. 
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[0087] As shown in step 908, the process 900 may include refining the combined 

model with a global motion optimization of the virtual stitch graph. With a single virtual stitch 

graph that inter-relates all of the data from each of the disparate sets (acquired from different 

scans), any of the global motion optimization techniques described above may be suitable 

employed to minimize enors on a stitch-by-stitch basis among the combined data sets. In one 

aspect, this optimization includes a deformable registration where, as distinguished from 

calculating enor-minimized rigid transformations, each stitch or step of the camera path can be 

moved spatially to minimize global error. Thus in one aspect, the process 900 includes refining 

the combined model with a deformable registration. 

[0088] As shown in step 910, the combined model may be stored and/or displayed. 

This may include, for example, displaying the combined model at a chairside scanning location or 

a dental laboratory. The combined model may also be stored locally at a scanner site, or 

transmitted to a central repository for project management including, without limitation, billing, 

quality assurance, and scheduling fabrication of a dental object at a dental laboratory. The 

original source data from the disparate scans (for example, disparate camera paths, frames of 

image data, etc.) may be retained for further processing or for evaluation of the combined model, 

or the source data may be deleted once the combined model is obtained. 

[0089] Fig. IO is a flow chart of a process for creating of a virtual stitch graph. In the 

following description, it is assume that two disparate three-dimensional models are provided, 

each obtained from a sequence of frames of data spatially related by a camera path as generally 

described above, and that the two models have been registered to establish an initial rigid 

transformation between them. It will be appreciated that modifications or adaptations of the 

foregoing may be appropriate where other three-dimensional scanning techniques are employed, 

or where three or more disparate data sets are concunently reconciled, all of which is intended to 

fall within the scope of this disclosure. 

[0090] As shown in step I 002, the process I 000 may include selecting overlapping 

data sets. This may, for example, include selecting a first selected one of the first plurality of sets 

and a second selected one of the second plurality of sets that overlap on the combined surface 

obtained from the coarse registration described above with reference to Fig. 9. An initial selection 

of one of the first or second plurality of sets may be, for example, a random selection or a 

parameterized selection based on, for example, location within the first or second meshes or 

proximity to a centroid or other feature of interest in the combined or separate surfaces. 

[0091] All of the frames or sets of data from the first plurality of sets (for example, the 

first model) in a neighborhood about the first selected one may then also be selected for use as a 
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local processing neighborhood. This may, for example, be all sets of data within a certain number 

of stitches away, such as all sets within five stitches, or a certain number of steps along a camera 

path. In order to reduce redundant processing, the sets within this local processing neighborhood 

may optionally be marked or otherwise identified as unavailable for future processing after the 

local hybrid stitching operations of the process 1000 are completed. Using the coarse registration 

of surface meshes, one of the second plurality of sets ( for example, a frame from the second 

model) may be selected that is near (or nearest) to the local processing neighborhood. All of the 

frames or sets of data from the second plurality of sets in a neighborhood about the second 

selected one of the second plurality of sets may then be identified in a similar manner to the 

selection of the local processing neighborhood, for example, by selecting frames or sets of data in 

the second plurality of sets of data that are within a certain number of stitches or sequential 

camera poses from the second selected one. It will be appreciated in this context that the use of a 

stitch graph ( of stitches, which may extend in numerous directions from a single camera pose) 

can provide a significant processing advantage over a camera path ( of individual transforms from 

one camera pose to the next) by affording more options for coverage of relevant regions of a 

surface of an object. 

[0092] The selection of local processing neighborhoods for frames from the first and 

second plurality of data sets may be further refined, such as by restricting or prohibiting use of 

data sets outside a surface or region common to the two neighborhoods. 

[0093] As shown in step 1004, data may be optimized in the local processing 

neighborhoods. For example, where each data set is represented by a camera path or stitch graph 

that inter-relates sets of three-dimensional points through a sequence of camera poses or the like, 

a sub-graph of the camera path or stitch graph may be selected for each of the models that only 

contains data (frames or sets of three-dimensional data points, along with stitches or camera path 

information) from within the local processing neighborhoods. This approach advantageously 

removes the influence of data external to the local processing neighborhoods. At this point in the 

processing, the data still generally comprises two disparate models - in this case, sub-graphs of 

the full data set - that are associated by a single rigid transform obtained from the coarse 

registration of surface meshes. This data may be further optimized prior to hybrid stitching by, for 

example, performing a global motion optimization (as described above) on each of the extracted 

sub-graphs. With the sub-graphs so optimized, the registration between the tvv0 sub-graphs may 

be refined by repeating an iterative closest point algorithm or other suitable registration process 

for the two point clouds represented by the optimized sub-graphs. While this approach to 

optimization is effective in a three-dimensional surface reconstruction based upon camera paths, 
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it will be appreciated that a variety of other optimizations are known in the art for three­

dimensional reconstructions, any of which may be adapted to optimization of the local processing 

neighborhoods contemplated herein. 

[0094] As shown in step 1006, links for a virtual stitch graph (also referred to as 

'hybrid' or 'virtual' stitches) may be created. This may include finding a frame from each of the 

two sub-graphs closest to a centroid of the overlapping region between the two sub-graphs. These 

two frames may then be directly spatially related to one another by a rigid transformation, which 

may be a newly calculated rigid transfonnation or a refinement of the rigid transformation 

obtained in the optimization steps described above. Using this transformation, data from the two 

sub-graphs may be transposed into a common coordinate system, such as the original coordinate 

system of one of the sub-graphs. This may be repeated for one or more other frames of data in the 

two sub-graphs to provide a number of direct spatial relationships or 'virtual stitches' between 

frames in the first sub-graph and frames in the second sub-graph. These relationships may be used 

directly as stitches in a combined, virtual stitch graph, or further processed as appropriate to 

express these new relationships in the same fonn as existing stitches in the stitch graphs or 

camera paths of the initial models. 

[0095] In order to facilitate concurrent processing of the actual stitches in the original 

models and the virhial stitches created for the virtual stitch graph that combines the models, 

additional characterizing data may be included in each virtual link. For example, a covariance 

matrix that weights confidence in each link according to multiple degrees of freedom (for 

example, six degrees of freedom for full translation and rotation) may be provided. While such a 

covariance matrix results from, for example, the iterative closest point registration process, the 

use of a particular form is less significant than sufficient commonality between the expression of 

actual stitches and the virtual stitches for undifferentiated processing of data from both sources in 

a combined model. 

[0096] As shown in step 1008, if there are additional neighborhoods of overlapping 

data to be locally optimized, the process may return to step 1002 where additional overlapping 

data sets can be selected to create additional virtual links. This may be repeated as often as 

necessary or desired. If there are no further local neighborhoods for processing, or if some other 

termination condition such as a threshold number of virtual links or percentage coverage of the 

full surface area of the combined model has been reached, then the process 1000 may proceed to 

step 1010. 

[0097] As shown in step 1010, a combined model may be created that combines the 

actual stitch graphs from the two original models and the virnial stitches established between the 
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two models as described above. In addition, any number of additional virtual stitches may be 

added based upon other data in the global models ( as distinguished from the local processing 

neighborhoods), such as nearly identical and/or substantially co-located data sets in the first and 

second models. In addition, the combined model may be analyzed for completeness and to 

identify further opportunities for establishing additional stitches between data sets either with or 

without regard for whether the data sets are from the first model or the second model. 

[0098] As shown in step 1012, the combined model may be optimized using, for 

example, global motion optimization as described above to minimize errors in the transformations 

between related camera poses of the combined model (as distinguished from either of the original 

stitch graphs or camera paths). 

[0099] As shown in step 1014, a point cloud may be generated for the combined 

model that places all of the three-dimensional points of the combined model into a single, 

common coordinate system. 

[00100] As shown in step 1016, a surface mesh may be generated for the point cloud 

using any suitable surface meshing techniques. The model may also be stored, displayed, 

transmitted or otherwise processed or handled as generally contemplated by the foregoing 

description. 

[00101] It will be appreciated that any of the above system and/or methods may be 

realized in hardware, software, or any combination of these suitable for the data acquisition and 

modeling technologies described herein. This includes realization in one or more 

microprocessors, microcontrollers, embedded microcontrollers, programmable digital signal 

processors or other programmable devices, along with internal and/or external memory. The may 

also, or instead, include one or more application specific integrated circuits, programmable gate 

arrays, programmable array logic components, or any other device or devices that may be 

configured to process electronic signals. It will further be appreciated that a realization may 

include computer executable code created using a structured programming language such as C, an 

object oriented programming language such as C++, or any other high-level or low-level 

programming language (including assembly languages, hardware description languages, and 

database programming languages and technologies) that may be stored, compiled or interpreted to 

run on one of the above devices, as well as heterogeneous combinations of processors, processor 

architectures, or combinations of different hardware and software. Thus in one aspect there is 

disclosed herein a computer program product comprising computer executable code that, when 

executing on one or more computing devices, performs any and/or all of the steps described 

above. 
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[00102] At the same time, processing may be distributed across devices such as a 

camera and/or computer and/or fabrication facility and/or dental laboratory and/or server in a 

number of ways or all of the functionality may be integrated into a dedicated, standalone device. 

[00103] In another aspect, a system disclosed herein includes means such as any of the 

structures described above for performing the functions expressed or implied in the flow charts 

and other portions of the above description. 

[00104] All such permutations and combinations that would be apparent to one of 

ordinary skill in the art are intended to fall within the scope of the present disclosure, which along 

with the claims is intended to be interpreted in the broadest sense allowable by law. 
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CLAIMS 

What is claimed is: 

1. A method comprising: 

obtaining a first three-dimensional model including a first plurality of sets of three­

dimensional points spatially related to one another by a first camera path; 

obtaining a second three-dimensional model including a second plurality of sets of three­

dimensional points spatially related to one another by a second camera path; 

registering one of the first plurality of sets of three-dimensional points to one of the 

second plurality of sets of three-dimensional points to place the first three-dimensional model and 

the second three-dimensional model in a shared coordinate system; 

creating a virtual stitch graph that spatially relates the first plurality of sets and the second 

plurality of sets, thereby providing a combined model that includes the first plurality of sets and 

the second plurality of sets all spatially related by the virtual stitch graph; and 

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

graph. 

2. The method of claim I further comprising generating a first surface mesh of the first 

three-dimensional model and a second surface mesh of the second three-dimensional model. 

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

the second surface mesh, thereby providing a combined surface. 

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

point algorithm. 

5. The method of claim 3 further comprising selecting a first selected one of the first 

plurality of sets and a second selected one of the second plurality of sets that overlap on the 

combined surface. 

6. The method of claim 5 wherein at least one of the first selected one and the second 

selected one is a set of three-dimensional data closest to a centroid of the combined surface. 
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7. The method of claim 5 further comprising calculating a rigid transformation and a mean 

enor between the first selected one and the second selected one. 

8. The method of claim 7 further comprising selecting a first neighborhood of the first 

plurality of sets from about the one of the first plurality of sets and a second neighborhood of the 

second plurality of sets from about the one of the second plurality of sets. 

9. The method of claim 8 further comprising: 

extracting a sub-region of the combined surface; 

spatially relating two or more of the first plurality of sets to two or more of the second 

plurality of sets within the sub-region to provide a virtual stitch graph; and 

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

providing a combined data set for the sub-region. 

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

unstitched ones of the first plurality of sets. 

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

deformable registration. 

12. A computer program product comprising computer executable code embodied on a non-

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

performs the steps of: 

obtaining a first three-dimensional model including a first plurality of sets of three­

dimensional points spatially related to one another by a first camera path; 

obtaining a second three-dimensional model including a second plurality of sets of three­

dimensional points spatially related to one another by a second camera path; 

registering one of the first plurality of sets of three-dimensional points to one of the 

second plurality of sets of three-dimensional points to place the first three-dimensional model and 

the second three-dimensional model in a shared coordinate system; 

creating a virtual stitch graph that spatially relates the first plurality of sets and the second 

plurality of sets, thereby providing a combined model that includes the first plurality of sets and 

the second plurality of sets all spatially related by the virtual stitch graph; and 
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refining the combined model with a global motion optimization of the virtual stitch 

graph. 

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

step of generating a first surface mesh of the first three-dimensional model and a second surface 

mesh of the second three-dimensional model. 

14. The computer program product of claim 13 wherein registering includes registering the 

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

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

an iterative closest point algorithm. 

16. The computer program product of claim 14 further comprising code that performs the 

step of selecting a first selected one of the first plurality of sets and a second selected one of the 

second plurality of sets that overlap on the combined surface. 

1 7. The computer program product of claim 16 wherein at least one of the first selected one 

and the second selected one is a set of three-dimensional data closest to a centroid of the 

combined surface. 

18. The computer program product of claim 16 further comprising code that performs the 

step of calculating a rigid transformation and a mean error between the first selected one and the 

second selected one. 

19. The computer program product of claim 18 further comprising code that performs the 

step of selecting a first neighborhood of the first plurality of sets from about the one of the first 

plurality of sets and a second neighborhood of the second plurality of sets from about the one of 

the second plurality of sets. 

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

steps of: 

extracting a sub-region of the combined surface; 
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spatially relating two or more of the first plurality of sets to two or more of the second 

plurality of sets within the sub-region to provide a virtual stitch graph; and 

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

providing a combined data set for the sub-region. 

21. The computer program product of claim 20 further comprising code that performs the 

step of creating at least one virtual stitch between two unstitched ones of the first plurality of sets. 

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

step of refining the combined model with a deformable registration. 

23. A system comprising: 

a scanner configured to obtain a first three-dimensional model including a first plurality 

of sets of three-dimensional points spatially related to one another by a first camera path and a 

second three-dimensional model including a second plurality of sets of three-dimensional points 

spatially related with one another by a second camera path; 

a processor and memory configured to register one of the first plurality of sets of three­

dimensional points to one of the second plurality of sets of three-dimensional points to place the 

first three-dimensional model and the second three-dimensional model in a shared coordinate 

system, to create a virtual stitch graph that spatially relates the first plurality of sets and the 

second plurality of sets, thereby providing a combined model that includes the first plurality of 

sets and the second plurality of sets all spatially related by the virtual stitch graph, and to refine 

the combined model with a global motion optimization of the virtual stitch graph; and 

a display configured to render the combined model. 

24. A system comprising: 

scanning means for obtaining a first three-dimensional model including a first plurality of 

sets of three-dimensional points spatially related to one another by a first camera path and a 

second three-dimensional model including a second plurality of sets of three-dimensional points 

spatially related with one another by a second camera path; and 

processing means for registering one of the first plurality of sets of three-dimensional 

points to one of the second plurality of sets of three-dimensional points to place the first three­

dimensional model and the second three-dimensional model in a shared coordinate system, 

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

the second plurality of sets all spatially related by the virtual stitch graph, and refining the 

combined model with a global motion optimization of the virtual stitch graph. 
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