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1. My name is June Ann Munford. I am over the age of 18, have personal 

knowledge of the facts set forth herein, and am competent to testify to the 

same.  Unless otherwise indicated, I have personal knowledge of the facts set 

forth in this Declaration. All statements herein made of my own knowledge 

are true and all statements made on information and belief are believed to be 

true.  If called upon to do so, I would testify competently thereto. 

2. I earned a Master of Library and Information Science (MLIS) from the 

University of Wisconsin-Milwaukee in 2009. I have over ten years of 

experience in the library/information science field. Beginning in 2004, I have 

served in various positions in the public library sector including Assistant 

Librarian, Youth Services Librarian and Library Director. I have attached my 

Curriculum Vitae as Appendix CV. 

3. During my career in the library profession, I have been responsible for 

materials acquisition for multiple libraries. In that position, I have cataloged, 

purchased and processed incoming library works. That includes purchasing 

materials directly from vendors, recording publishing data from the material in 

question, creating detailed material records for library catalogs and physically 

preparing that material for circulation. In addition to my experience in 

acquisitions, I was also responsible for analyzing large collections of library 

materials, tailoring library records for optimal catalog search performance and 

creating lending agreements between libraries during my time as a Library 
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Director. 

4. I am fully familiar with the catalog record creation process in the library 

sector. In preparing a material for public availability, a library catalog record 

describing that material would be created. These records are typically written 

in Machine Readable Catalog (herein referred to as “MARC”) code and 

contain information such as a physical description of the material, metadata 

from the material’s publisher, and date of library acquisition. In particular, the 

008 field of the MARC record is reserved for denoting the date of creation of 

the library record itself. As this typically occurs during the process of 

preparing materials for public access, it is my experience that an item’s 

MARC record indicates the date of an item’s public availability. 

5. Typically, in creating a MARC record, a librarian would gather various bits of 

metadata such as book title, publisher and subject headings among others and 

assign each value to a relevant numerical field. For example, a book’s physical 

description is tracked in field 300 while title/attribution is tracked in field 245. 

The 008 field of the MARC record is reserved for denoting the creation of the 

library record itself. As this is the only date reflecting the inclusion of said 

materials within the library’s collection, it is my experience that an item’s 008 

field accurately indicates the date of an item’s public availability. 

6. I have reviewed EX1011, “A Microcomputer-Based Camera Control System” 

by R.J. Hall and P. Hiscocks as published in Photogrammetric Engineering & 
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Remote Sensing, April 1990. 

7. Attached hereto as Appendix HALL01 is a true and correct copy of the MARC 

record for Photogrammetric Engineering & Remote Sensing as held by the 

Penn State University library. I secured this record myself from the library’s 

public catalog. The MARC record contained within Appendix HALL01 

accurately describes the title, author, publisher, and ISSN number of 

Photogrammetric Engineering & Remote Sensing. The ‘Availability’ field of 

this record visible on page 6 indicates this collection includes the April 1990 

edition of Photogrammetric Engineering & Remote Sensing containing “A 

Microcomputer-Based Camera Control System”. 

8. Attached hereto as Appendix HALL02 is a true and correct copy of “A 

Microcomputer-Based Camera Control System” as published in 

Photogrammetric Engineering & Remote Sensing as held by the Penn State 

University library. I secured these scans myself from the library’s collection.  

In comparing EX1011 to Appendix HALL02, it is my determination that 

EX1011 is a true and correct copy of “A Microcomputer-Based Camera 

Control System” by R.J. Hall and P. Hiscocks as published in 

Photogrammetric Engineering & Remote Sensing April 1990. 

9. The 008 field of the MARC record in Appendix HALL01 indicates the date of 

record creation. The 008 field of Appendix HALL01 indicates the Penn State 

University library first subscribed to this journal starting in August 4, 1982 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00004

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00004



5  

and continued that subscription  until 2013. Considering this information, it is 

my determination that the April 1990 edition of Photogrammetric Engineering 

& Remote Sensing, and therefore “A Microcomputer-Based Camera Control 

System” was made available to the public, including by the Penn State 

University library, shortly after its initial release in April 1990.  Additionally, 

this library’s subscription history, plus page 5 of Appendix HALL02, confirms 

that Photogrammetric Engineering & Remote Sensing is a regularly published 

journal, stating that “PE&RS (Photogrammetric Engineering & Remote 

Sensing) (ISSN 0099-1112) is published monthly by the American Society for 

Photogrammetry and Remote Sensing….” 

10. The 650 fields of the MARC record in Appendix HALL01 indicate that 

interested persons would have been able to locate EX1011 by searching for 

terms such as “photographic surveying,” “photogrammetry,” “aerial 

photography,” and “remote sensing.” Other fields in the MARC record 

provide additional terms that would have been searchable by interested parties 

to locate EX1011. 

11. I have reviewed Exhibit EX1012, “TIER II Plus Airborne EO Sensor LOS 

Control and Image Geolocation” by K. James Held & Brendan H. Robinson as 

published in 1997 IEEE Aerospace Conference Proceedings. 

12. Attached hereto as Appendix HELD01 is a true and correct copy of the MARC 

record for 1997 IEEE Aerospace Conference Proceedings as held by the 
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University of Pittsburgh library. I secured this record myself from the library’s 

public catalog. The MARC record contained within Appendix HELD01 

accurately describes the title, author, publisher, and ISBN number of 1997 

IEEE Aerospace Conference Proceedings. 

13. Attached hereto as Appendix HELD02 is a true and correct copy of “TIER II 

Plus Airborne EO Sensor LOS Control and Image Geolocation” as published 

in 1997 IEEE Aerospace Conference Proceedings as held by the University of 

Pittsburgh library. I secured these scans myself from the library’s collection. In 

comparing EX1012 to Appendix HELD02, it is my determination that EX1012 

is a true and correct copy of 1997 IEEE Aerospace Conference Proceedings 

by K. James Held & Brendan H. Robinson. 

14. The 008 field of the MARC record in Appendix HELD01 indicates the date of 

record creation. The 008 field of Appendix HELD01 indicates the University 

of Pittsburgh library first acquired these proceedings as of March 25, 1997. 

Considering this information, it is my determination that 1997 IEEE 

Aerospace Conference Proceedings and therefore “TIER II Plus Airborne EO 

Sensor LOS Control and Image Geolocation” was made available to the public 

by the University of Pittsburgh library shortly after its initial acquisition as of 

March 1997.  Additionally, I note that Appendix HELD02 shows that the 1997 

IEEE Aerospace Conference Proceedings was published by the Institute of 

Electrical and Electronics Engineers, a well-known, reputable compiler and 
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publisher of scientific and technical publications. 

15. I have reviewed EX1007, “Digital Image Georeferencing from a Multiple 

Camera System by GPS/INS” by Mohamed M.R. Mostafa and Klaus-Peter 

Schwarz as published in ISPRS Journal of Photogrammetry & Remote 

Sensing, June 2001. 

16. Attached hereto as Appendix MOSTAFA01 is a true and correct copy of the 

MARC record for ISPRS Journal of Photogrammetry & Remote Sensing as 

held by the University of Pittsburgh library. I secured this record myself from 

the library’s public catalog. The MARC record contained within Appendix 

MOSTAFA01 accurately describes the title, author, publisher, and ISSN 

number of ISPRS Journal of Photogrammetry & Remote Sensing. The 

‘Location Items’ field of this record visible on page 2 indicates this collection 

includes the June 2001 edition of ISPRS Journal of Photogrammetry & 

Remote Sensing containing “Digital Image Georeferencing from a Multiple 

Camera System by GPS/INS.” 

17. Attached hereto as Appendix MOSTAFA02 is a true and correct copy of 

“Digital Image Georeferencing from a Multiple Camera System by GPS/INS” 

as published in ISPRS Journal of Photogrammetry & Remote Sensing as held 

by the University of Pittsburgh library. I secured these scans myself from the 

library’s collection. In comparing EX1007 to Appendix MOSTAFA02, it is 

my determination that EX1007 is a true and correct copy of “Digital Image 
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Georeferencing from a Multiple Camera System by GPS/INS” by Mohamed 

M.R. Mostafa and Klaus-Peter Schwarz as published in ISPRS Journal of 

Photogrammetry & Remote Sensing June 2001. 

18. The 008 field of the MARC record in Appendix MOSTAFA01 indicates the 

date of record creation. The 008 field of Appendix MOSTAFA01 indicates the 

University of Pittsburgh library first subscribed to this journal starting in 

October 9, 1989 and  continued that subscription until December 2001. 

Considering this information, it is my determination that ISPRS Journal of 

Photogrammetry & Remote Sensing June 2001 and therefore “Digital Image 

Georeferencing from a Multiple Camera System by GPS/INS” was made 

available to the public, including by the University of Pittsburgh library, 

shortly after its initial release in June 2001.  Additionally, the library’s 

subscription history (from October 1989 through December 2001) and the 

volume information on the cover (“Volume 56 – issue 1 June 2001”) of 

Appendix MOSTAFA01 along with the statement that “For 2001 volume 56 is 

scheduled for publication” indicate that ISPRS Journal of Photogrammetry & 

Remote Sensing is a regularly published periodical. 

19. The 650 fields of the MARC record in Appendix MOSTAFA01 indicate that 

interested persons would have been able to locate EX1007 by searching for 

terms such as “photographic surveying,” and “photogrammetry.” Other fields 

in the MARC record provide additional terms that would have been searchable 
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by interested parties to locate EX1007. 

20. I have been retained on behalf of the Petitioner to provide assistance in the 

above-illustrated matter in establishing the authenticity and public availability 

of the documents discussed in this declaration. I am being compensated for my 

services in this matter at the rate of $200.00 per hour plus reasonable expenses. 

My statements are objective, and my compensation does not depend on the 

outcome of this matter. 

21. I have been warned that willful false statements and the like are punishable 

by fine or imprisonment, or both (18 U.S.C. 1001) and may jeopardize the 

validity of the patent at issue in this proceeding. I declare under penalty of 

perjury that the foregoing is true and correct. 

 

 

Dated: 3/27/2024 

 

June Ann Munford 
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al TA593.A2P5v.50no.10-121984wl LCPERcl 1 ii 00006847595611 ACAD-BLDGml UP-ANNEXrl Ysl Ytl PERIODICALul 

5/13/2010 

al TA593.A2P5 lndexv.1-451934-79wl LCPERcl 1 ii 000058568750 II CAT0-2 ml UP-ANNEXrl Ysl Ytl PERIODICALul 7/31/2006 

z I 6324 

a I TA593.A2P5 v.51 Jan-Apr 1985 w I LCPER c I 1 i I 000050124985 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

949 a I TA593.A2P5 v.51 May-Aug 1985 w I LCPER c I 1 i I 000050124992 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

949 

6324 

a I TA593.A2P5 v.51 Sept-Dec 1985 w I LCPER c I 1 i I 000050125005 d I 6/21/2005 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.52 Jan-June 1986 w I LCPER c I 1 i I 000050125012 I I CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

a I TA593.A2P5 v.52 July-Dec 1986 w I LCPER c I 1 i I 000050125029 d I 2/23/2007 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

949 a I TA593.A2P5 v.53 Jan-May 1987 w I LCPER c I 1 i I 000050125036 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

949 a I TA593.A2P5 v.53 June-Aug 1987 w I LCPER c I 1 i I 000050125043 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 
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6324 

a I TA593.A2P5 v.54 Jan-Apr 1988 w I LCPER c I 1 i I 000050125067 d I 3/15/2017 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.54 May-Aug 1988 w I LCPER c I 1 i I 000050125074 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

a I TA593.A2P5 v.54 Sept-Dec 1988 w I LCPER c I 1 i I 000050125081 d I 6/22/2007 e I 6/22/2007 11 CAT0-2 m I UP-ANNEX n I 1 q I 1 r I 

Y s I Y t I PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.55 Jan-Apr 1989 w I LCPER c I 1 i I 000050125098 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

949 a I TA593.A2P5 v.55 May-Aug 1989 w I LCPER c I 1 i I 000050125104 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

949 

6324 

a I TA593.A2P5 v.55 Sept-Dec 1989 w I LCPER c I 1 i I 000050125111 d I 12/8/2002 11 CATO-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.56 Jan-Apr 1990 w I LCPER c I 1 i I 000050125128 d I 12/8/2002 e I 12/8/2002 11 CAT0-2 m I UP-ANNEX n I 1 r I Y s I Y 

t I PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.56 May-Aug 1990 w I LCPER c I 1 i I 000050125135 d I 3/15/2017 11 CAT0-2 m I UP-ANNEX q I 2 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

949 al TA593.A2P5v.56Sept-Dec1990wl LCPERcl 1 ii 00005012514211 CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 9/25/2002zl 

949 

949 

6324 

a I TA593.A2P5 v.57 Jan-Apr 1991 w I LCPER c I 1 i I 000050125159 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

a I TA593.A2P5 v.57 May-Aug 1991 w I LCPER c I 1 i I 000050125166 d I 12/8/2002 11 CAT0-2 m I UP-ANNEX q I 2 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

949 a I TA593.A2P5 v.57 Sept-Dec 1991 w I LCPER c I 1 i I 000050125173 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

6324 

a I TA593.A2P5 v.58 Jan-Apr 1992 w I LCPER c I 1 i I 000050125180 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

a I TA593.A2P5 v.58 May-Aug 1992 w I LCPER c I 1 i I 000050125197 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

949 a I TA593.A2P5 v.58 Sept-Dec 1992 w I LCPER c I 1 i I 000050125203 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

949 

949 

949 

949 

949 

949 

6324 

al TA593.A2P5v.59Jan-Apr1993wl LCPERcl 1 ii 00005170241011 CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 9/25/2002zl 

6324 

a I TA593.A2P5 v.59 May-Aug 1993 w I LCPER c I 1 i I 000051702427 d I 5/23/2012 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.59 Sept-Dec 1993 w I LCPER c I 1 i I 000051702434 d I 10/6/2002 11 CATO-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

al TA593.A2P5v.60Jan-Apr1994wl LCPERcl 1 ii 000051702441 II CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 9/25/2002zl 

6324 

a I TA593.A2P5 v.60 May-Aug 1994 w I LCPER c I 1 i I 000051702458 d I 5/23/2012 11 CAT0-2 m I UP-ANNEX q I 2 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.60 Sept-Dec 1994 w I LCPER c I 1 i I 000051702465 I I CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

a I TA593.A2P5 v.61 Jan-Apr 1995 w I LCPER c I 1 i I 000051702472 d I 2/23/2007 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.61 May-Aug 1995 w I LCPER c I 1 i I 000051702489 I I CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

949 a I TA593.A2P5 v.61 Sept-Dec 1995 w I LCPER c I 1 i I 000051702496 I I CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

6324 

a I TA593.A2P5 v.62 Jan-Apr 1996 w I LCPER c I 1 i I 000051702502 I I CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

a I TA593.A2P5 v.62 May-Aug 1996 w I LCPER c I 1 i I 000051702519 d I 12/8/2002 I I CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

949 a I TA593.A2P5 v.62 Sept-Dec 1996 w I LCPER c I 1 i I 000051702526 I I CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

949 a I TA593.A2P5 v.63 Jan-Apr 1997 w I LCPER c I 1 i I 000051702533 I I CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

949 a I TA593.A2P5 v.63 May-Aug 1997 w I LCPER c I 1 i I 000051702540 I I CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

949 a I TA593.A2P5 v.63 Sept-Dec 1997 w I LCPER c I 1 i I 000051702557 I I CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

6324 

a I TA593.A2P5 v.64 Jan-Apr 1998 w I LCPER c I 1 i I 000051702564 d I 6/16/2004 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.64 May-Aug 1998 w I LCPER c I 1 i I 000051702571 I I CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 
6324 

949 a I TA593.A2P5 v.64 Sept-Dec 1998 w I LCPER c I 1 i I 000051702588 I I CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

949 a I TA593.A2P5 v.65 Jan-Apr 1999 w I LCPER c I 1 i I 000051702595 d I 1/20/2004 e I 1/20/2004 I I CAT0-2 m I UP-ANNEX n I 1 r I Y s I Y 
t I Pi=R1nn1ra1 11 I onc;nnn? 7 I h~?,1 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00013

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00013



11/13/23, 9:08 AM nimbus screenshot app print

chrome-extension://bpconcjcammlapcogcnnelfmaeghhagj/edit.html 4/5

~ I I '-"''-''--'''-"'- u I ..,, ,,_..,, L..VVL.. L.. I V.JL..""T 

949 a I TA593.A2P5 v.65 May-Aug 1999 w I LCPER c I 1 i I 000051702601 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

6324 

a I TA593.A2P5 v.65 Sept-Dec 1999 w I LCPER c I 1 i I 000051702618 d I 3/17/2003 11 CATO-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 9/25/2002 z I 6324 

a I TA593.A2P5 v.66 Jan-June 2000 w I LCPER c I 1 i I 000051702625 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 9/25/2002 z I 

6324 

a I TA593.A2P5 v.66 July-Dec 2000 w I LCPER c I 1 i I 000048232166 d I 12/14/2006 11 CAT0-2 m I UP-ANNEX q I 6 r I Y s I Y t I 

PERIODICAL u I 9/26/2001 z I 6324 

a I TA593.A2P5 v.67 Jan-June 2001 w I LCPER c I 1 i I 000047646100 d I 12/8/2002 11 CATO-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 4/13/2001 z I 7763 

al TA593.A2P5v.67July-Dec2001 wl LCPERcl 1 ii 00005175656711 CATO-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 1/23/2003zl 

7789 

al TA593.A2P5v.68Jan-June2002wl LCPERcl 1 ii 000051756550dl 11/8/2007el 2/23/200411 CAT0-2ml UP-ANNEXnl 1 qi 2rl 

Y s I Y t I PERIODICAL u I 1/23/2003 z I 7789 

a I TA593.A2P5 v.68 July-Dec 2002 w I LCPER c I 1 i I 000052537912 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 8/18/2003 z I 

7789 

a I TA593.A2P5 v.69 Jan-June 2003 w I LCPER c I 1 i I 000052537929 d I 5/24/2011 11 CATO-2 m I UP-ANNEX q I 2 r I Y s I Y t I 

PERIODICAL u I 8/18/2003 z I 7789 

a I TA593.A2P5 v.69 July-Dec 2003 w I LCPER c I 1 i I 000054865297 d I 1/26/2009 11 CAT0-2 m I UP-ANNEX q I 2 r I Y s I Y t I 

PERIODICAL u I 10/5/2004 z I 7789 

a I TA593.A2P5 v.70 Jan-June 2004 w I LCPER c I 1 i I 000054865280 d I 8/12/2005 11 CATO-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 10/5/2004 z I 7789 

a I TA593.A2P5 v.70 July-Dec 2004 w I LCPER c I 1 i I 000054948730 d I 4/8/2008 11 CAT0-2 m I UP-ANNEX q I 2 r I Y s I Y t I PERIODICAL 

u I 112712006 z I 7789 

a I TA593.A2P5 v.71 Jan-Apr 2005 w I LCPER c I 1 i I 000054948747 d I 4/8/2008 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I PERIODICAL 

u I 112712006 z I 7789 

a I TA593.A2P5 v.71 May-Aug 2005 w I LCPER c I 1 i I 000054949614 d I 3/14/2006 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 1/27/2006 z I 7789 

a I TA593.A2P5 v.71 Sept-Dec 2005 w I LCPER c I 1 i I 000054948754 d I 3/14/2006 11 CAT0-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 1/27/2006 z I 7789 

al TA593.A2P5v.73Jan-Apr2007wl LCPERcl 1 ii 00005965411711 CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 6/30/2008zl 

7789 

949 a I TA593.A2P5 v.73 May-Aug 2007 w I LCPER c I 1 i I 000059654094 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 6/30/2008 z I 

7789 

949 al TA593.A2P5v.73Sept-Dec2007wl LCPERcl 1 ii 00005965410011 CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 6/30/2008zl 

7789 

949 a I TA593.A2P5 v.74 Jan-Apr 2008 w I LCPER c I 1 i I 000059752264 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 5/4/2009 z I 

949 

949 

7789 

a I TA593.A2P5 v.74 May-Aug 2008 w I LCPER c I 1 i I 000059752202 d I 10/7 /201 O 11 CATO-2 m I UP-ANNEX q I 1 r I Y s I Y t I 

PERIODICAL u I 5/4/2009 z I 7789 

a I TA593.A2P5 v.74 Sept-Dec 2008 w I LCPER c I 1 i I 000059752219 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 5/4/2009 z I 

7789 

949 a I TA593.A2P5 v.75 Jan-Apr 2009 w I LCPER c I 1 i I 000061884342 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 6/22/2010 z I 

7789 

949 a I TA593.A2P5 v.75 May-Aug 2009 w I LCPER c I 1 i I 000061884359 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 6/22/2010 z I 

7789 

949 a I TA593.A2P5 v.75 Sept-Dec 2009 w I LCPER c I 1 i I 000061884366 11 CATO-2 m I UP-ANNEX r I Y s I Y t I PERIODICAL u I 6/22/2010 z I 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

949 

7789 

al TA593.A2P5v.76Jan-Apr2010wl LCPERcl 1 ii 000061821064dl 10/19/2011 II CAT0-2 ml UP-ANNEX qi 1 rl Ysl Ytl 

PERIODICAL u I 3/17/2011 z I 7789 

al TA593.A2P5v.76May-Aug2010wl LCPERcl 1 ii 000061821071 II CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 3/17/2011 zl 

7789 

al TA593.A2P5v.76Sept-Dec2010wl LCPERcl 1 ii 00006182237511 CAT0-2ml UP-ANNEXrl Ysl Ytl PERIODICALul 3/17/2011 zl 

7789 

a I TA593.A2P5 v.77 Jan-Apr 2011 w I LCPER c I 1 i I 000059377085 d I 3/21/2012 e I 2/26/2012 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I 

PERIODICAL u I 2/26/2012 z I 7789 

a I TA593.A2P5 v.77 May-Aug 2011 w I LCPER c I 1 i I 000059377092 d I 3/21/2012 e I 2/26/2012 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I 

PERIODICAL u I 2/26/2012 z I 7789 

a I TA593.A2P5 v.77 Sept-Dec 2011 w I LCPER c I 1 i I 000059377108 d I 3/21/2012 e I 2/26/2012 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I 

PERIODICAL u I 2/26/2012 z I 7789 

al TA593.A2P5v.78Jan-Apr2012wl LCPERcl 1 ii 000059494485dl 7/21/2013el 6/30/201311 CAT0-2ml UP-ANNEXrl Ysl Ytl 

PERIODICAL u I 6/30/2013 z I 7789 

a I TA593.A2P5 v. 78 May-Aug 2012 w I LC PER c I 1 i I 0000594944 78 d I 7/21/2013 e I 6/30/2013 11 CA T0-2 m I UP-ANN EX r I Y s I Y t I 

PERIODICAL u I 6/30/2013 z I 7789 

a I TA593.A2P5 v.78 Sept-Dec 2012 w I LCPER c I 1 i I 000059494461 d I 7/21/2013 e I 6/30/2013 11 CAT0-2 m I UP-ANNEX r I Y s I Y t I 

PERIODICAL u I 6/30/2013 z I 7789 

al TA593.A2P5v.79Jan-Apr2013wl LCPERcl 1 ii 000061941182dl 2/18/2015el 5/4/201411 CATO-2ml UP-ANNEXql 1 rl Ysl Y 

t I PERIODICAL u I 5/4/2014 z I 7789 

al TA593.A2P5v.79Mav-Aue2013wl LCPERcl 1 ii 000061941175dl 6/2/2014el 5/4/201411 CATO-2ml UP-ANNEXrl Ysl Ytl 
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PERIODICAL u I 5/4/2014 z I 7789 

949 al TA593.A2P5v.79Sept-Dec2013wl LCPERcl 1 ii 000061941168dl 6/2/2014el 5/4/201411 CATO-2ml UP-ANNEXrl Ysl Ytl 

PERIODICAL u I 5/4/2014 z I 7789 

852 0 1 a I PSt b I UP-ANNEX c I ANNEX h I TA593.A2 i I PS 
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COVER PHOTO - Lake Nasser, Egypt, 29 September 1988. Handheld Has­
selblad camera with 250 mm lens in a nea r vertical position, from the Space 
Shuttle Discovery. Geographic coordinate are 23.5° N and 33.0° E. 
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This photo shows the effect of sunglint (G) on the water of Lake Nasser, 
giving it a greyish-white appearance while the non-sungline water is bluish 
in color. An airstrip (A) and the Aswan Dam (D) are clearly seen on this 
photo. The exposed lake bed (B) and receding shoreline is marked by silt 
deposition. The pronounced dry lake bed was not visible in 1981 Shuttle 
photos. 

Photo submitted by Kamlesh Lulla, Space Shuttle Earth Observations Of­
fice (SSEOO), NASNJohnson Space Center, Houston, Texas; Mike Helfert, 
Chuck Wood, and SSEOO Staff contributed to this interpretation. 
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A Microcomputer-Based Camera Control 
System 
R. J. Hall 
Northern Forestry Centre, Forestry Canada, 5320 - 122 St., Edmonton, Alberta T6H 3S5, Canada 
P. Hiscocks 
Syscomp Electronic Design Limited, 55 Grandview Avenue, Toronto, Ontario M4K lJl, Canada 

ABSTRACT: It is economical and preferable to use helicopters for the acquisition of small format, large-scale aerial 
photographs in northern Canada due to the large land area and small number of airports. To facilitate ai.r photo 
procu.rement, a computer-based control system was designed and packaged fo r rapid installation into unmodified 
helicopters, to operate from its own source of battery power, and to work in conjunction with an external, removable 
camera pod . This paper describes the requirements, design, and performance characteristics of the camera control 
system that was developed . 

INTRODUCTION 

T HE U SE OF H ELICOPTERS IN P HOTO A CQUISITION 

There are few airports and runways in northern Canada. As 
a result, long ferry flights are required to move conventional 
fixed-wing aircraft to the site of an air photo mission. Helicopters, 
however, are often located and available in small communities. 
Though their rental cost is higher than fixed wing aircraft, this 
is justified by shorter ferry distances and their capability to land 
in small clearings. The slower forward flying speed and lower 
flying height capabilities of helicopters are also preferable when 
photo scales of 1:200 to 1:2000 are required . For example, a 
typical photo scale for sampling regeneration stocking is 1:500 
(Hall, 1984); and a typical scale for sampling timber volume i 
1:1000 (Aldred and Lowe, 1978). 

H ISTORY OF THE P ROJECT 

The Northern Forestry Centre (NoFC) in Edmonton, Alberta, 
has previously been involved in research to develop and refine 
methods of obtaining and applying small format, large-scale 
aerial photographs for forest inventory surveys (Kirby and van 
Eck, 1974; Kirby, 1980; Hall, 1984, Spencer and Hall, 1988). 

In 1974, a mechanical camera control system (van Eck and 
Bihuniak, 1978) was developed for aerial photo operations. In 
1981, the requirement arose for a more functional system that 
would be simpler to use, and yet provide for more rigorous 
control of photogrammetric parameters such as overlap and image 
motion. 

An advanced control system for 70- and 35-mm cameras at 
that time was in operation at the Ontario Centre for Remote 
Sensing (Roberts and Hiscocks, 1981). This system included a 
Commodore PET computer • and is capable of controlling up to 
four cameras of three different types (Vinten, Hasselblad, Nikon). 
A joint redesign effort was undertaken to adapt that system for 
helicopter use, reduce the size and weight of the system by 
using newer electronic technology, convert the system to battery 
power, and interface and connect the system to the cameras 
and rada.r or laser altimeter that were in a self-contained helicopter 
camera pod. The system software was completely rewritten to 
improve the operator interface, and the control system was 
redesigned to mount into an aeronautically approved instrument 
rack, which attaches to the seat rails of the Bell 206B Jet Ranger 
helicopter. 

'The mention of trade names does not imply endorsement by the 
authors . 

PHOTOGRAMMETRIC ENGINEERING AND REMOTE SENSING, 
Vol. 56, No. 5, April 1990, pp. 443-446. 

Since then, operational use has resulted in a number of 
technical refinements, the building of a second ystem for the 
Yukon Northern Affairs Program, and the manufacture of an 
additional system for private industry. The purpose of this paper 
is to describe the components, funtionality, and performance 
characteristics of the camera control system. 

THE CAMERA CONTROL SYSTEM 

T HE C AMERA MOUNT 

In the past, both internal and external camera mounts have 
been used on helicopter . Internal camera mounts allow access 
to the cameras for film change , leveling, and drift adjustment, 
but they require modified aircraft (Benson el al., 1984). External 
camera mount hav th advantage of not requiring modifications 
to the aircraft, but they require preflight leveling and the aircraft 
must land to change film magazines. The NoFC system uses an 
ex ternal camera pod (Figure 1). A photograph a nd brief 
description of its features in relation to other systems is given 
in Spencer and Hall (1988). 

The camera pod mounts to the underside of the helicopter 
and contains two 70-mm Vinten aerial cameras, a radar or laser 
altimeter and annotation display unit, and a monochrome video 
camera. Cables link the electronics in the pod to the camera 
control system rack inside the helicopter. 

CONTROL SYSTEM HARDWARE 

The camera control system instrument rack inside the helicopter 
contains a Commodore 64 computer, a Commodore 1541 disk 

CAMERA POD MOUNTED AT CENTER OF 
GRAVITY POINT UNDERNEATH HELICOPTER 

F1G. 1. Illustration of camera pod and instrument rack installed on hel­
icopter. 
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444 PHOTOGRAMMETRlC E GINEERI G & REMOTE SENS! G, 1990 

drive, an electronics subrack, the power management unit, 117-
volt alternating current (AC) inverter, the control unit for the 
laser altimeter (or altitude indicator for the radar altimeter), and 
a consolidated battery power pack (Figure 2). 

The Commodore 64 computer is responsible for executing the 
control functions, timing the cameras, and acquiring data from 
a radar or laser altimeter. The disk drive stores the operational 
programs for the system and the height data from the flight 
mission. 

The center of the electronics subrack contains the video display 
screen, which shows computer data readouts and status 
indicators, menus for software operation, the video camera 
ground image, the moving grid that is synchronized to the speed 
of the ground image for determining cycling intervals, drift lines, 
and displays of the field of view of the two photo cameras. The 
left side of the electronics subrack contains power supply and 
plug-in cards for the camera relay interface and radar or laser 
interface. Empty card slots a re available for future expansion of 
the system. 

The power management unit serves a number of miscellaneous 
functions. Its principal purpose is to act as a connection point 
for the 17 cables to the pod electronics and to organize and 
distribute the system electrical power. It also contains a digital 
voltmeter to monitor system voltages, power on and off switches, 
117-volt AC outlets, and control functions for the Vinten cameras. 
The camera control functions consist of two single-shot relay 
interfaces, electromechanical frame counters, camera hea ter 
switches, 8 picture per second (PPS) and 4 PPS selector switches, 
film wind indicators to confirm that film is moving through the 
camera, switches for selection of continuous or single-shot camera 
operation, and selector switches for the motor-driven lens 
apertures. Noise filters in the power management unit isolate 

ELECTRONICS 
SUBRACK 

POWER 
MANAGEMENT 

r,==-~====:;-, r -=- ----:=::---.---,-,------1 UNIT 
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DRIVE 

POWER 
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F1G. 2. Camera control system components mounted on the instrument 
rack. 

the 40-millisecond, 20-amp noise pulses generated by the Vinten 
camera from the rest of the electronic circuitry. 

The inverter (Flite-tronics PC -16) converts the direct current 
of the battery to 117-volt, 60-Hertz alternating current (sine wave) 
for operation of the disk drive, the computer, the electronics 
subrack, and any ancillary test equipment. The provision of A 

line voltage simplifies maintenance, allows any unmodified disk 
drive or computer to be used in the system, and makes it possible 
to operate the system from A line power when located in a 
hangar. 

The system was designed to operate from a battery pack 
because some helicopters are not equipped with an auxiliary 
power connector. The battery pack supplies 12-, 24-, and 30-
volts direct current (DC) from a series and parallel arrangement 
of 6- and 12- volt gel cells. Each output has a capacity of 
approximately 40 amp-hour , and the battery will operate the 
system for about 3.5 hours. The battery pack weighs 39 kg and 
has circuit breakers and Mil connectors for the system and battery 
charger. During flight operation, two identical battery packs are 
alternated. While one is in use a second identical battery unit 
is charged on the ground. Although ni-cad and lead-acid cells 
are physically smaller and weigh less than gel cells, gel cells 
were used because they are completely sealed, they do not vent 
hydrogen or spill el ctrolyte, and they could be certified for 
aircraft use. To take advantage of helicopte rs situated at various 
locations, heavy duty shipping ca es were built for the pod, the 
rack, and each of the two battery unit . 

CAMERA TIMING 

A major portion of the system software is a Commodore BASI 
program that operates the computer displays and accepts operator 
data. It uses two small machine code programs: a screen edito r 
and a camera timing routine. The screen edito r simplifies the 
ope rator da ta entry process, provides rudime ntary editing 
facilities, and locks out some errors that would otherwise abort 
a BASIC program. Using this routine, the operator enters the 
values for the camera film size, focal length, and desired overlap. 
The focal length of the video camera is usually fixed and is 
therefore given a variable name in the BASIC program. Thi 
variable is simply changed with the screen ed itor, however, if 
a video camera lens of a different focal length is employed. 

Camera timing begins with a measurement of grid speed. 
Using a front panel control, the camera operator adjusts the 
rate of the moving grid (or grid speed) to the peed of the 
moving video image. Using the previously ente red camera 
parameters, grid speed, and the intervalometer formula (Roberts 
and Hiscocks, 1981), the required firing intervals for the two 
cameras are calculated to obtain the de ired forward overlap 
between photographs. The firing interval information is then 
passed to the machine-cod e timing-routine for the actua l 
triggering of the cameras. 

Grid speed may vary over a wide range and so the computer 
uses an adaptive measurement scheme that maximizes accuracy 
and minimizes the time between speed updates. At low grid 
speeds, a small movement of the grid across the screen is 
sufficient to obtain an accurate measurement. At high grid speeds, 
movement across the entire screen is used . In ei ther case, the 
computer establishes a suitable distance for the grid to move 
and then measures the time (to a resolution of 1/60 second) for 
the grid to move that distance. 

Sixty times per second, the Commodore 64 is interrupted 
from its operation of the main BASIC program to scan the 
keyboard, check the position of the grid, and check the camera 
trigger routine to determine if a camera should be fired. If a 
camera is to be fired, the electronic rack relay interface is actuated, 
which then triggers the Vinten Controller circuit. 

The Vinten camera is a s imple m echanism, consisting 
essentially of a motor-driven belt (shutter blind) with a slit shutter. 
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A MIC ROCOMPUTER-BASED CAMERA CO TRO L SYSTEM 445 

A cam switch closes at the begi nning of a shutter cycle and 
opens a t the end of a cycle . The Vinten controller circuit is 
required to apply full voltage to the camera motor at the beginning 
of a camera cycle and to short circuit the motor to dynamically 
brake it when the cam switch opens . In this system, the 
applica tion and removal of voltages is accomplished by a 
combination of electronics and relays. 

The speed of the shutter blind is controlled by a centrifugal 
switch inside the Vin ten ca mera, which ca n be set to 4 or 8 PPS . 
In the 4 PPS position, the width of the slit gives an exposure of 
1/1000 second: in the 8 PPS position, the belt speed is doubled 
and the exposure is halved. The shutter bUnd can be changed 
to obtain di ffe rent slit widths. 

CAMERA TIMING MODES 

The ha rdware controls and the software timing routines can 
be combined to operate the cameras in a number of di ffe rent 
modes (Figures 3) . 

Continuous Framing. Under continuous fra ming, a steady DC 
voltage is applied to the camera belt motor and the camera will 
frame continuously a t either 4 o r 8 PPS. Continuous framing is 
intended fo r rare instances when photography from a high­
s peed , low-altitude a ircra ft is necessa ry. In thi s sys tem, 
continuous framing is primarily used to check that a camera is 
working properly. 

Single-Shot Fram ing. Most aerial photography is acquired in 
this mode. In single-shot mode, the cameras can be triggered 
manually by push-buttons or automatica lly by the computer. 
The compute r ca n automatica lly ca lculate the timing interva l 
between fra me from the grid speed and the camera pa rameters 
(grid mode), or it can cycle the cameras on the basis of a manually 
entered timing interval between frames (manual mode). Manual­
mode is useful when flying conditions are too unstable to use 
the video grid mode. The operator ca lculates the timing intervals 
between frames using a separate NoFC flight planning computer 
program, based on aircraft altitude and speed, camera foca l 
length, film size and overlap, and cycUng rate and shutter speed . 
The opera to r then manually enters the ca lculated interva l. 

Burst Mode. A ca mera in burst mode fires a burst of frames 
and wait fo r a speci fi ed interva l before firin g another burst. 
Burst mode is often used fo r ampUng when 100 percent coverage 
of a fli ght line is not required . The operator specifies which 
camera is to be in bu rs t mode, the number of frames per burst, 
and the wa iting time, in seconds, betwee n bursts. The timing 
interva l between frames during the burst may be automatica lly 
ca lculated by the computer from the speed of the vid eo grid to 
give the desired overlap, o r it may be enter d manually. 

VINTEN 
CAMERA 

OPERATION 

CONTINUOUS FRAMING 
(INDEPENDENT OF 

COMPUTER CONTROL) 

CONTROLLED 
FRAMING 

4 PPS 

8 PPS 

SI NGLE SHOT 
PUSHBUTTON 

(MAINLY FOR. TESTIN G) 

MANUAL TIMING 
(DIRECT ENTR Y OF 
TIMING INTE RVALS) 

GRID TIMING 
(COMPU TER 

CALCULATIONS OF 
T IMING INTERVALS) 

SEQUE NTIAL 
FR AMES 

BURSTS (GROUPS) 
OF SEVERAL FRAMES 

SEQUENTIAL 
FRAM ES 

BURSTS (GROUPS) 
OF SEVERAL FRAMES 

F1 G . 3. Operating modes for the Vinten camera. 

HEIGHT MEASUREMENT SYSTEM 

Both a radar altimeter (Honeywell APN194-V) and a laser 
altimeter (Optech 501) have been interfaced to the camera con­
trol system. The radar altimeter outputs height data in binary 
fo rmat, 12 bits of in fo rmation, corresponding to a resolution of 
one foo t in a maximum range of 4095 feet. This in fo rmation is 
delivered fro m the radar in a serial s tream, which is then for­
matted and displayed on the video screen (as either fee t or 
metres). The lase r outputs metric data in four pa rallel, bina ry­
coded decimal digits, corresponding to a resolution of 1/10 metre 
over a maximum range of 500 metres. This information is con­
verted to a serial stream, input to the computer, and aga in 
displayed in fee t or metres. Ei ther altimeter is read at a 60-Hz 
rate as part of the interrupt routine of the Commodore 64 com­
puter. 

FLIGHT REPORTING 

When fli ght reporting is toggled o n, a flight record entry is 
made every time either of the two cameras is fired . Each data 
entry consists of the film frame counts fo r the two cameras and 
a height reading from the radar or la er altimeter. The flight 
record is s to red in the shadow Random Access Memory (RAM) 
undernea th the BAS! Read Only Memory (ROM) in the Com­
modore 64, where there is suffic ient room fo r 1000 entries, 
corresponding to two ro lls of camera film . The fli ght records 
contained in shadow RAM are then written out to a fil e on fl oppy 
disk when fli ght reporting is toggled off. A separate BASIC p ro-· 
gram is used at the conclusion of the flight to print out the 
fli ght record disk fil e. 

The laser altimeter has an RS-232 serial output that is con­
nected to a height display film annotation unit on Vinten cam­
era #1. The annotation unit is synchronized to the Vinten re lay 
controller so that the height reading is frozen when the camera 
shutter is in motion to allow the height reading to be recorded 
on the film fra me. 

THE VIDEO SYSTEM 

There are three video sources in thi s system: the video camera 
display of the ground image, the computer alphanumeric video, 
and the moving grid signal. The ground image ignal (from a 
12-volt D monochrome television camera, RCA type TC2055) 
and the moving grid signal (generatd by a special purpose dig­
ital ci rcuit) are synch roni zed to the Commodore 64 alphanu­
meric video and then added together to generate the combined 
video screen image. Any combination of these sources can be 
displayed, and two rea r panel connectors supply the camera 
image signal and the d isplay creen image signal. Either can be 
recorded by a videotape recorder to obtain a video record of the 
mission. 

A rectangle can be drawn on the video display to represent 
the fi eld of view of the photo cameras because the aerial camera 
and video camera foca l length in fo rmation are employed in 
computer calculations. This is particularly useful when a ground 
fea ture must be centered in the photo camera frame. (The fi eld 
of view of the video camera must be greater than that of the 
photo cameras.) 

SUMMARY OPERATIONAL EXPERIENCE 

Many fea tures of the system have worked particularly well: 

• There is independent overlap control fo r cycling both cameras 
using either aircraft ground speed fro m video tracking, or d irect 
entry of previously calculated camera timing interva ls. 

• Flight recording information, which includes the camera frames 
fired and their associated flying heights above ground, has been 
employed in post flight film annotation and documentation. 

• Operation from AC line power as well as battery power has been 
valuable in system training, tes ting, and software development. 
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• System monitors such as the film advance indicators and digi tal 
voltmeter have provided wa rning of potential fa ults as they have 
occurred . 

• The system endurance on battery operation (3.5 hours with ca m­
eras firing) is satisfactory. 

On the o ther hand, there a re som e limitations, which will be 
addressed throu g h future d evelopment: 

• The battery packs are heavy, and recharging in remote areas re­
quires carrying a portable A generator and fuel. Some helicopters 
are equipped with a connector to the 28-volt aircraft power bus 
and, where this is ava ilable, it should be used . 

• The system currently uses 17 military connectors to connect to the 
pod electron ics, all of which have to be connected with each sys­
tem installation. This se tup is time-consuming, and some form of 
quick disconnection would be preferable. 

• Film exposure i currently set usi ng a sun angle computer pro­
gram, film step wedges, average grad ients, and a Kodak aerial 
exposure computer. A light metering system and an aircraft atti­
tude indicator, integrated into the camera control system, would 
provide optimal results. The differentia l light metering system by 
Fent and Polzin (1986) has been adapted for low altitude appli­
cations, but has not been integrated into the overall LSP camera 
system. 

• The flight planning program is invaluable for prefli ght planning 
and calculations of camera timing, image motion, film consump­
tion, and other parameters. The current NoFC program runs on 
a Hewlett Packard 9816 or 9825 computer and will be rewri tten 
for the Commodore 64 and IBM PC. The latter is because of its 
more common platform and the program will be made ava ilable 
for public use. 
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TIER II Plus Airborne EO Sensor LOS Control 
and Image Geolocation 

K. James Held & Brendan H. Robinson 
Hughes Aircraft Company 

MS E0/El/0115 
El Segundo, CA 90245 
kjheld@ccgate.hac.com 

bhrobinson@ccgate.hac.com 

Abstract - TIER II Plus is a high altitude 
unmanned reconnaissance aircraft carrying a 
synthetic aperture radar (SAR) and electro­
optical / infrared (EO1R) sensor that will 
provide all-weather, day and night, high 
resolution imagery of ground targets for joint 
armed forces users. Its high area coverage 
rate is achieved in near real-time by 
transmitting the collected imagery while the 
vehicle is airborne and relaying that imagery 
via satellite to ground stations for processing 
and dissemination. A typical TIER II Plus 
mission is to fly 3000 nautical miles to a 
designated station in 9 hours to provide high 
resolution area reconnaissance over a 24 hour 
period, and return to base. 

Mounted near the nose section of the 
Teledyne/Ryan built high altitude aircraft, the 
electro-optical sensor assembly consists of a 
mid-wave infra-red (MW1R) staring array 
built by Hughes Aircraft Company and a 
CCD visible staring array from Kodak that 
share common reflective optics. The 
telescope/sensor subassembly is mounted on 
the inner gimbal of a two axis gimbal set that 
directs the sensor line-of-sight (LOS) to 
designated earth-fixed locations. An on­
gimbal inertial rare sensor provides the 2-
degree-of-freedom (2DOF) inertial reference 
to stabilize the sensor LOS. An off-gimbal 
GPS-aided inertial navigation system (INS) 

0-7803-3741-7/97/$5.00 © 1997 IEEE 

provides aircraft navigation data to the control 
system for inertial position stabilization and 
for determining the target image geolocation. 

The high resolution field-of-view (FOV) 
along with the high coverage rate and staring 
array, requires that the sensor assembly be 
stabilized to a high accuracy and its LOS be 
step/stared at a 30 hertz rate. The fine 
stabilization and step/stare requirement is 
jointly achieved with two-axis image motion 
compensation (IMC) mirror mechanisms 
mounted internally in the telescope optical 
train. The IMC mirror removes high 
frequency vibrations to stabilize the LOS and 
performs the back.scan function that cancels 
the gimbal scan motion to meet staring 
requirements during video integration. This 
back.scan operation allows for efficient wide 
area coverage by continuously scanning the 
gimbals, thus reducing frame-to-frame 
settling times and extending gimbal hardware 
life. 

This paper describes the salient features of 
the TIER II Plus control system design with 
emphasis on the algorithms used for LOS 
control, command generation, and target 
image geolocation. Computer simulation 
results will be presented to support the 
design. 
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1.0 INTRODUCTION 

The technical challenge for the TIER II Plus 
system is to point and stabilize the line-of­
sight (LOS) of a visible and infrar~d (IR) 
sensor that is mounted on the underside of a 
high altitude unmanned r~connaissai:ice 
aircraft to provide all-weather high resolution 
imagery of ground targets. The sensors are 
mounted side-by-side on the inner gimbal of 
a two axis gimbal set that is controlled to 
rnicroradian stabilization accuracies to achieve 
typical target recognition ranges of 2~.8 
kilometers. Because the sensors are starmg 
arrays, the control system must step/star~ the 
sensor line of sight (LOS) at a 30Hz video 
frame rate to achieve wide area earth 
coverage. The TIER II Plus design 
accomplishes this task by assigning these 
high frequency commands to. a low to~q~e, 
low inertia mirror assembly with travel limits 
of less than ±1 degree that is located in the 
sensor optical train. This reduces power 
requirements and hardware component 
stress, and minimizes reaction torques to ~e 
gimbal and aircraft structures; hence reduc1_ng 
structural vibrations that can comprorruse 
LOS stability. 

Further control challenges involve developing 
algorithms to command the sensor LOS with 
respect to a 'quiet' local level reference frame 
that is decoupled from aircraft angular 
motion. LOS scan commands require special 
consideration to ensure that the sensor LOS 
earth projections result in gap-free cover~ge. 
Also, the location of the sensor field-of-view 
(FOV) projection on the earth's surface 
(geolocation) requires an accuracy of 2_0 
meters circular error probability (CEP). Th1s 
requirement is met without calibrating the 
gimbal or performing aircraft maneuvers that 
would interrupt the mission plan [ 1]. 

The purpose of this paper is to highlight the 
unique aspects of the TIER II Plus control 
system. The control desi~ is significant ~or 
its low flyaway cost solution to challengmg 
LOS stabilization and 30Hz video frame rate 
step/stare reposition requirements. I~ _m~ts 
both stabilization and repos1tionmg 
requirements by enhanci_ng . the two ~is 
gimbal with two 2-ax1s _ image mollon 
compensation (IMC) mirrors. For 
stabilization, the IMC mirrors replace 
mechanical isolators which complicate the 
mechanical design. An all digital control 
system implementation allows for maximum 
flexibility in closing 12 distinct servo loop~, 
generating servo commands. to operate . m 
several modes, and computmg geolocallon 
parameters for each video frame. 

Severe temperature operating conditions place 
extreme accuracy requirements on the IMC 
mirror mechanism. Inaccuracies in the 
backscan IMC mirror position knowledge 
result in LOS angular velocity errors. 
Variations in the IMC mirror position sensor 
scale factor compromise the earth fixed LO_S 
rate, which results in image smear. This 
condition requires an in flight calibration of 
the IMC mirror scale factor prior to sensor 
operation, but after the IMC mirror assembly 
has reached a steady state temperature. 

This paper first addresses the TIER TI Plus 
operational modes. This is_ follo"'.ed b}'. a 
description of the BO receiver urut w~ch 
consists of the visible and infrared video 
sensors that are mounted side-by-side along 
with the shared optics on the inner gimbal of 
a precision two axis gimbal subassembly .. A 
discussion of the control system design 
philosophy is followed by a detai!ed 
description of the control system which 
encompasses 

( 1) servo loop design 
(2) servo command generation 
algorithms 
(3) LOS geolocation algorithms 

Computer simulation ana_lyses "'.ill ~ 
presented to verify the design functionality 
and provide an added insight to its 
philosophy. 
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1.1 TIER 11 Plus Operational Modes 

The primary operating mode of the TIER II 
Plus system is to fly a prescribed straight­
and-level trajectory over a designated target 
region to record gapless imagery of potential 
ground targets. With the electro-optical (EO) 
sensors mounted on the underside of the 
forward fuselage section, the sensor LOS is 
scanned about the roll gimbal axis (in scan) 
which is aligned with the aircraft's 
longitudinal or roll axis. The in scan angular 
rates enable wide area gapless frame coverage 
by methodically step/staring the LOS one 
FOV over the frame period of 1/30 second. 
During video integration, the rue backscan 
mirror mounted in the telescope's optical 
train, is scanned in the direction opposite to 
the in scan roll gimbal to cancel LOS roll 
motion. The orthogonal pitch/yaw gimbal 
axis (cross scan) is used predominantly to 
cancel angular rates induced by the aircraft's 
linear motion. The scan bar is terminated 
when the aircraft's induced cross scan 
angular motion equals one FOY frame, at 
which time the cross scan gimbal steps one 
FOV and the in scan gimbal reverses its scan 
to reposition the sensor LOS for scanning a 
subsequent scan bar in the opposite direction. 
This Wide Area Search (WAS) mode is 
illustrated in Figure 1.1.1. 

Figure 1.1.1 Wide Area Search Mode 

0 

Figure 1.1.2 Spot Mode 

The Spot mode is a variation of the WAS 
mode in _which the ~imbal is scanning a 
predetermmed pattern mdependent of aircraft 
velocity. During WAS mode, the aircraft has 
a nominal straight and level flight path with 
cross track video coverage dictated by the 
aircraft's ground speed. For the Spot mode, 
the aircraft trajectory is less restricted, 
allowing it to perform coordinated tum 
maneuvers that enable the user to concentrate 
imagery on areas of high target probability, 
as depicted in Figure 1.1.2. 

The EF (Earth-Fixed) Point mode is a 
stabilized sensor stare mode that reduces the 
imaging region to a single video frame on the 
earth's surface. This mode allows the user to 
perform various calibrations and to view a 
specified latitude/longitude coordinate with 
moderate LOS stabilization ('moderate' 
defined in Section 2.0) 

The Base Reference mode is a utility mode 
that is used to control the sensor gimbal 
position during stow, unstow, idle, IMC 
calibration, and laboratory testing. In this 
mode, gimbal control is referenced to the 
aircraft gimbal base without closing any 
inertial stabilization loops. 
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Structure Assembly 

Forward Hub 

EOnR Sensor 

Window Assembly 

Figure 1.2.1 EO Receiver Unit Exploded View 

1.2 EO/IR Receiver Unit (ERV) 

The EO/IR Receiver Unit (Figure 1. 2 .1) 
consists of an EO/IR sensor system mounted 
in a shrouded two axis gimbal assembly that 
provides precision LOS pointing and 
stabilization. The EO receiver unit bas an 
outer roll gimbal axis that is aligned with the 
aircraft longitudinal or roll axis. The inner 
pitch/yaw gimbal supports the sensor optical 
bench which is comprised of the multi­
spectral telescope, midwave infrared (MWIR) 
and visible detector focal plane arrays 
(FPAs), cryogenic cooler, Fiber Optic gyros, 
and two image motion compensation mirror 
mechanisms. Each of the gimbal axes are 
driven by direct drive DC torquers and utilize 
multi-speed inductosyns to readout gimbal 
angle position. An outermost shroud gimbal 
is slaved to the roll gimbal to isolate the 
sensor from aerodynamic disturbances. On 
the base of the EO receiver unit is an Inertial 

Navigation System (INS) that provides an 
inertial reference of the aircraft position and 
attitude for reporting LOS geolocation and 
commanding inertial LOS position. The all 
reflective afocal telescope and reflective 
imager are shared by both IR and visible 
sensors to minimize optic costs. The 
telescope and imager each have three optical 
surfaces while the remaining reflective 
surfaces fold the optical path for packaging 
and for image motion compensation. 

The MWIR sensor consists of a staring array 
with small detectors allowing a short focal 
length telescope design to meet the specified 
resolution. The staring array capability to 
integrate for up to 16 milliseconds increases 
the detector signal-to-noise ratio (SNR) and 
reduces the aperature size. Due to its small 
size, the sensor is easier to package into a 
small volume which results in a lower cost 
and smaller optical system. 
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Figure 1.3.1. Sensor Electronics Unit Functional Block Diagram 

1.3 Sensor Electronics Unit (SEU) 

The Sensor Electronics Unit (SEU) (Figure 
1.3.1) consists of a flight ready VME chassis 
containing a mixture of commercial "off-the­
shelf' and Hughes-built interface and 
processor cards. The EO sensor is controlled 
by a Kodak camera control unit (CCU) and 
the IR sensor is controlled by a Hughes 
EO/IR processor card. Video from both 
cards is conditioned by the Hughes card and 
sent to the Integrated Signal Processor (ISP), 
where the bulk of the image processing takes 
place. The ISP is also responsible for top­
level commands to the sensor control 
subsystem, which is the focus of this paper. 

The control subsystem electronics consists 
primarily of two Hughes-built interface 
cards, a quad TMS320C40 DSP card, and a 

68000-based 1553 and Ethernet interface 
card. Interfaces to the transducers and 
actuators used for closing all of the LOS 
control loops (Section 2.0) are handled by the 
Hughes-built interface cards. The on-gimbal 
inertial measurement unit (IMU) 
communication is a high-speed RS422 link, 
and the lnductosyn readouts for each axis are 
generated by resolver to digital converters 
(RDC's). Other transducer readouts are 
primarily muxed ADC's. The 12 servo loops 
correspond to 7 physical axes of control, 
which are commanded using DAC' s and DC 
torquers. All of the control subsystem 
software resides on and is executed by the 
quad C40 card which has VME access to the 
servo interface cards. 

The GPS/INS (LNIOOG) uses a 1553 bus 
for communication directly with the Ethernet/ 
1553 interface card, which runs under the 

I 
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V:XWork.s operating system. INS data is 
used extensively by the control subsystem on 
the quad C40 card for servo command 
generation (Section 3.0). The 1553 data is 
placed into VME accessible RAM for use by 
the control subsystem software. A rather 
intricate timing and interpolation scheme is 
used to remove the timing delays associated 
with getting the INS data into the quad C40 
global RAM, where it is used for image 
geolocation and recorded for ground 
processing of imagery. 

1. 4 Control Subsystem Design Overview 

The sensor control system must direct the 
sensor LOS to ensure gapless earth coverage 
in a wide area search (WAS) mode. With 
navigation data consisting of the aircraft's 
position, velocity,' and attitude, algorithms 
generate required gimbal angle and LOS 
inertial rate commands that ensure the 
sensor's image will cover a designated earth­
fixed region with minimum overlap. The 
IMC's provide the high frequency LOS 
stabilization and backscan which mechanizes 
the step-stare video framing. Each video 
frame is tagged with latitude, longitude, and 
altitude data that is derived from gimbal 
readout data, INS data, and a WGS-84 earth 
model. 

The control subsystem is an all digital design 
consisting of 12 servo loops. Six primary 
loops are needed to point and stabilize the 
sensor LOS in 2 degrees-of-freedom while 
the remaining six loops perform secondary 
functions (Section 2.0). The primary servo 
loops consist of 

(1) low bandwidth (2 to 3 hz) roll and 
pitch/yaw gimbal inertial position 
loops 
(2) medium bandwidth (30 hz) roll 
and pitch/yaw LOS rate stabilization 
loops 
(3) high bandwidth (200 to 300 hz) 
roll and pitch/yaw IMC loops 

LOS stabilization is predominantly 
accomplished with the rate stabilization and 
IMC loops. Fiber Optic Gyros (FOG's) are 
mounted on the inner gimbal adjacent to the 
sensor with the gyro sensitive axes aligned to 

the sensor LOS roll and pitch/yaw axes. The 
gyros provide inertial rate feedback of the roll 
and pitch/yaw LOS axes that is compared to 
the desired rate commands. The servo rejects 
any unwanted base disturbances within its 
loop bandwidth limits by torquing the 
gimbals. Any disturbances that exceed the 
stabilization loop bandwidth (but fall within 
the gyro bandwidth of around 500Hz) are 
fedforward as open loop corrections to the 
high bandwidth IMC loops. The IMC 
mirrors remove these disturbances in the 
telescope optical path for disturbances within 
the ~200 - 300 hz IMC loop bandwidth. 

The IMC roll mirror has the dual function of 
stabilizing the sensor LOS roll axis and 
canceling gimbal scan rates during video 
imaging. Because the backscan task is 
implemented as a feedforward LOS 
correction, the IMC position scale factor error 
is a critical parameter in meeting the backscan 
velocity-matching requirements. The IMC 
mirror must cancel the gimbal scan velocity 
during video integration to within 0.3% over 
extreme operating temperatures (-25°C to 
+35°C) and IMC angular travel limits of+ 10 
milliradians. This tight scale factor 
requirement led to extensive testing of the 
IMC over its operational temperature and 
travel limits. The lab testing concluded that 
the scale factor must be calibrated in flight to 
meet LOS velocity-matching requirements. 

Only the rate stabilization and IMC loops are 
closed during video integration to maximize 
image stabilization. The outer inertial 
position loops are closed around these loops 
only when it is necessary to point or slew the 
gimbal to a designated position while 
maintaining a moderately stable LOS. For 
example, a slew maneuver is initiated to 
reposition the sensor LOS from its present 
position to the first frame position of a new 
WAS region, for which interval, moderate 
LOS stability is acceptable. The LOS position 
is also controlled during a turnaround 
maneuver, when the gimbal must reverse its 
scan direction and reposition in LOS 
coordinates for the next swath formation. 
The on-gimbal IMU rate errors will cause the 
LOS position to drift during intervals when 
the inertial position loops are not closed. .By 
closing the position loops, these errors are 
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removed by the drift-free inductosyns and 
more accurate (and relatively drift-free) OPS­
aided INS. 

The inertial position loops control the 
pointing position of the sensor with respect to 
a local level frame. The sensor is directed to 
a designated earth-fixed location by 
referencing that command to aircraft 
coordinates such that any aircraft motion is 
decoupled from the LOS. The position 
commands to the inertial position loops are 
referenced to a local level frame that is 
subsequently transformed to aircraft 
coordinates such that the aircraft motion 
embedded in the command, cancels the same 
aircraft motion sensed by the gimbal angle 
transducers (multi-speed inductosyns). 
However, to minimize jitter caused by timing 
errors, the INS data used to derive the 
position commands must be synchronized 
(extrapolated up to current time) with the 
inductosyn readouts used to compute the 
gimbal angles. This approach eliminates the 
added expense and complexity of generating 
inertial LOS position quantities as servo 
feedback signals. These signals would be 
generated by integrating the on-gimbal gyros 
(using strapdown equations) and referencing 
their output to the base-mounted INS axes via 
transfer alignment techniques. The control 
subsystem primary functions are comprised 
of 

( 1) LOS Control filters that 
compensate 12 independent digital 
servo loops (Section 2.0) to reject 
aircraft disturbances, attenuate 
unwanted structural modes, and 
modify the phase characteristics of the 
IMC mirror commands and control 
the pointing dir,ection of the sensor 
LOS. 
(2) Command Generation algorithms 
that generate gimbal angle and inertial 
line-of-sight (LOS) rate commands 
based on aircraft and target positions, 
and, aircraft velocity and attitude data. 
The commands predominantly consist 
of stare, slew, or scan commands that 
are comprised of gimbal angle 
commands to the inertial position 
loops, and inertial rate and 

acceleration commands to the rate 
stabilization and IMC loops. 
(3) Target Image Geolocation 
algorithms that locate sensor image 
projections on the earth's surface 
using a WGS-84 reference ellipsoid. 

2.0 LOS CONTROL 

2.1 Gimbal Angle And Inertial Rate Control 

The EO sensor assembly is mounted on the 
inner gimbal of a two axis gimbal set. The 
outer gimbal (roll axis) is nominally 
coincident with the aircraft body roll axis, 
and the inner gimbal (pitch/yaw axis) is 
oriented between the aircraft body pitch or 
yaw (heading) axis depending on the outer 
gimbal roll angle. At zero gimbal angles, the 
sensor LOS is directed down along the 
aircraft body yaw axis and the on-gimbal 
WU coordinate frame (assumed coincident 
with the sensor LOS frame) is parallel with 
the INS coordinate frame. Scans are 
conducted about the sensor roll axis, which at 
zero-zero, is the outer gimbal axis. 

The controller provides 2 degree-of-freedom 
control of the sensor LOS about the LOS roll 
and pitch/yaw axes, respectively. 
Consequently, there is no control of the 
image about the sensor LOS axis. In the 
presence of aircraft angular base motion 
which results in disturbances about the LOS 
axis, the earth-fixed images exhibit random 
rotations from frame to frame. This effect is 
most noticeable for aircraft pitch motion at 
large roll angles and for aircraft heading 
motion at small roll angles. The random 
frame to frame rotations cause overlap errors 
of the projected earth images. Also, when 
scanning the sensor at non-zero pitch/yaw 
angles, the sensor LOS rotates about its roll 
and LOS axes. This LOS rotation does not 
introduce frame-to-frame gaps because the 
image rotation between frames is correlated 
due to the constant pitch/yaw angle. This 
geometry is covered in more detail in the 
Image Geolocation section. 

In order to meet stabilization requirements 
during imaging (scanning), the control 
system step/stares the LOS by closing only 
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the inertial rate and Il\1C loops using the 
'quiet' on-gimbal IMU as the sole feedback 
component. Opening the inertial position 
loops decouples the sensor from aircraft base 
motion and eliminates any inductosyn noise 
from entering the servo feedback path. This 
also eliminates the computational and 
sampling de~lay errors associated with the 
gimbal position computations used to 
command th1e inertial position loops. 

The low ba:ndwidth (3Hz) inertial pos1tJon 
loops are closed about multi-speed 
inductosyns during LOS position transfers 
and scan turnarounds. This position control 
removes LOS position biases due to gyro 
drift errors and accumulated position errors 
which build 1up during each scan bar. 

Medium bandwidth (20Hz) type ill girnbal 
position loops are used to control sensor 
position with respect to the gimbal base 
during utili~ modes such as stow and idle, 
and for IMC mirror calibration where tight 
control of the gimbal angle position is 
necessary to minimize focal plane image blur 
of the base-mounted light source. Figure 
2.1.1 is a functional block diagram showing 
a simplified isingle axis representation of the 

inertial rate, inertial position, and IMC 
position loops. Table 2.1.1 summarizes 
some of the salient features c,f the LOS 
control loops referred to in Figure 2.1.1 . 

2.2 IMC Scan I Stabilization Miriror 

Fine image stabilization is achieved with two 
axis image motion compensa1tion (IMC) 
mirrors which operate in the collimated space 
of the telescope. The telescope ~1agnification 
of 12 adjusted by the 1/2 aJngle mirror 
relationship results in a 6-to-1 gain of mirror 
motion to LOS motion. The sensor roll and 
pitch/yaw inertial rate loop errors are 
integrated to provide an open loop LOS 
correction to the Il\1C for frequencies up to 
300 Hz. Each of the IMC mirrors is actually 
a two axis mirror. The passive axis of each 
mirror is caged at zero or a constant bias 
position to correct for misalignments in the 
optical system. 

During imaging (constant inertial. rate scan), 
the primary source of error is the: gyro time­
delayed correction to the 300Hz IMC loop. 
This latency error is reduced by 
compensating the IMC command with a 
phase lead network. The digital c:ompensator 
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a e . . . T bl 211 S ummar 1 Of o· • 1 EO/IR 1g1ta Sensor LOSC ontro 1 Lo ops 
~ Qty. Bawl Sample Type Feedforward Signals Feedback Function l.,oop 

width Rate Transducer 
(Hz) (Hz) 

Sensor Inertial Rate 2 30 2000 m Inertial acceleration command LN200IMU Controls LOS 
inertial rate 

Luw Bandwidth 2 3 500 II none Inductosyn Controls LOS EF 

Inertial Position oosition 

IMC Active Axis 2 300 6000 II IMC acceleration command, Kaman Controls IMC 

Position Spring cancellation (internal) proximity position wrto 
sensor sensor 

IMC Passive Axis 2 300 6000 II none Kaman Cages IMC wrto 

Position proximity sensor. 
sensor 

Med Bandwidth 2 30 2000 m Gimbal acceleration command lnductosyn Controls gimbal 

Base Reference angles during Base 
Reference Mode 

Shroud Rate 1 20 500 I Imbalance torque (gravity) Tachometer Controls shroud 

Acceleration rate wrt base 
Friction 
Gimbal rate estimate 

Shroud Position I 10 500 I Imbalance torque estimation Proximity Controls shroud 
Roll acceleration command sensor position with 

also has the capacity to attenuate any gyro or 
IMC loop dynamics through transfer function 
cancellation techniques. 

The digital loops which control the IMC' s 
have a 6 kHz sample rate. The timing 
constraints on sensor readout reporting and 
the 300Hz target bandwidth require a high 
sample rate. The sample rate was chosen as 
high as possible without excessive processor 
computational loading The IMC mirror which 
performs roll stabilization is also used as a 
backscan mirror. The sensor is a staring 
detector with an integration time between 5 
and 10 ms. Thus, the sensor LOS must be 
earth-fixed during the integration interval to 
minimize image smearing. This is achieved 
by maintaining a constant earth-fixed rate of 
the sensor roll gimbal axis and backscanning 
the roll IMC mirror at the appropriate rate to 
exactly cancel the sensor earth- fixed motion. 
This continues throughout the video 
integration period, at which time the mirror is 
repositioned to the start location for the next 
backscan. This stare-retrace strategy requires 
that the commanded sensor inertial rate be 

respect to roll 
Qimbal 

exactly equal to the IMC backscan rate in 
FOY space. Figure 2.2. 1 shows a plot of the 
simulated LOS inertial angle as a function of 
time during imaging. The position command 
profile corresponding to the required 30Hz 
frame rate causes servo errors in the backscan 
IMC control loop which require settling time 
before the start of scene integration. This 
cuts into the available backscan time and 
increases mirror travel, requiring acceleration 
feedforward to minimize servo errors. 
Spring cancellation is also used to cancel the 
disturbance created by the mirror flexure 
mounts. 

Proximity sensors are used to close the IMC 
loops. In the case of the rolJ backscan 
mirror, the scale factor error of this sensor is 
critical to the LOS control. Scale factor error 
directly affects image smear which must be 
limited to under 0.5 milliradians per second 
during video integration. Laboratory testing 
of the IMC mirror mechanism exhibited scale 
factor hysteresis when subjected to operating 
temperature variations. This disappointing 
result implied that the scale factor was not 
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Figure 2.2.1. Simulated LOS Inertial Position vs. Time For 10 Backscan Frames (30Hz) 
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repeatable with temperature thus requiring an 
in-flight calibration technique be employed 
when operating temperatures exceed 
prescribed limits. Another source of error in 
the backscan is the misalignment between the 
IMU and the roll mirror axis. This 
misalignment can be measured in the 
laboratory and removed by commanding the 
pitch mirror with the negative of the pitch 
component of the LOS motion caused by this 
misalignment. This pitch component is 
essentially proportional to the roll backscan 
command through a small gain. 

The high sample rate (6kHz) of the IMC 
control loops is one of several factors driving 
the quad DSP solution. One of the four 
processors is dedicated exclusively to 
generating backscan commands for the active 
roll IMC axis, closing the four IMC loops, 
and maintaining the timing data used to 
interpolate the INS and gimbal angle data to 
the center of the image integration interval 

3.0 COMMAND GENERATION 

Command generation is mode dependent. 
The four modes discussed in Section 1.0 are 
Base Reference, Spot, WAS, and EF Point. 
Each of these modes uses a different 
command generation strategy. However, the 
design basically uses a set of command 
generation algorithms which are applied with 
different input sources and different output 
destinations depending upon the mode. 

The four modes described in Section 1.0 
require the following algorithm functional 
elements: 

( 1) LOS Inertial Rate Generator; 
(2) Scan Generator, 
(3) Gimbal Angle Command 
Generator, and 
(4) Command Processor. 

Most of the inputs required for command 
generation are provided by the LNlOO GPS / 
INS. The following sections describe each 
of the functional elements (1 through 4) and 
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Figure 3.1.1. TIERII Plus Fundamemal Coordinate Frames For Command Generation 

list the GPS / INS inputs required for that 
functional element with a brief initial 
discussion of coordinate frames. Key 
elements of the command generation scheme 
are shown in Figure 3.4.1, which is a 
functional block diagram of the command 
generation. 

3.1 Coordinate Frames 

Five principal coordinate frames are used in 
the command generation. These are the earth 
centered earth fixed (ECEF) coordinate 
frame, the wander azimuth navigation frame 
(N), the local level frame (LL), aircraft body 
frame (AC), and the sensor LOS frame (S). 
Each frame (except aircraft body and sensor 
LOS) is shown in Figure 3 .1.1. Figure 
3.1.l is the WGS-84 reference Earth 
ellipsoid with the above frames. 

Earth Centered, Earth Fixed (ECEF) Frame -
(Figure 3 .1.1) This frame is defined in 

WGS-84 and has its origin at the earth's 
geometric center. The X axis is in the 
equatorial plane at zero degrees longitude. Z 
points north through the polar axis, and Y 
forms an orthogonal right handed (RH) set. 

Wander Azimuth Navigation i(N) Frame -
(Figure 3 .1.1) The navigation coordinate 
frame is the reference in which the INS 
navigation computations are performed. The 
center for this frame is located at the INS 
location and is rotated at the earth's inertial 
rate plus the craft rate. (Craft rate is the 
angular rate of the local level and navigation 
frames with respect to the ECEF frame 
resulting from linear craft motion over the 
earth's surface). The ZN axis lies along the 
local geodetic vertical and is positive down. 
XN is normal to ZN and is rotated from true 
north in the local horizontal plane by the. 
wander azimuth angle ex.. Y N completes the 
RH orthogonal set. The transfonnation from 

387 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00058

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00058



388 

YLL 
Figure 3.1.2. Navigation And 

Local Level Scan Frames 

ECEF to NA V is computed by the GPS/INS 
and is a function of the GPS/INS geodetic 
coordinates (latitude and longitude). 

Heading Filtered Local Level (LL) Frame -
(Figure 3.1.l, 3.1.2). Similar to the NAY 
frame, its origin is at the INS location. The 
X ax.is is in the local level plane, but is 
rotated about the ~ axis through an angle 
which equals the filtered aircraft heading. 
The heading is filtered so that the frame 
moves slowly with respect to ECEF. Scans 
are constructed in this frame so that the scan 
bars are primarily orthogonal to the aircraft 
filtered heading. The filtering of the heading 
angle reduces scan bar overlap problems 
associated with a rapidly yawing aircraft. 
The transformation from NA V to LL is 
computed with a first axis rotation of the 
NAV frame about the ZN axis by the filtered 
heading angle. 

Aircraft Body (AC) Frame - (Figure 3.1.3). 
This frame also has its origin at the INS 
location. The X direction points out the nose 
of the aircraft and is nominally aligned with 
the aircraft body roll axis. Z points out the 
bottom of the aircraft and is nominally 
aligned with the aircraft body heading (yaw) 
axis. Y forms a RH orthogonal set and 
nominally points out the right wing. In this 
terminology, the INS body (platform) axes 
are assumed to be coincident with the aircraft 
body axes. What is critical in boresighting 

the sensor is that the gimbal axes at zero 
gimbal angle be aligned to the INS body 
axes, which we are referring to as aircraft 
body axes for clarity. The transformation 
from N to AC coordinates is computed by the 
INS in the form of three attitude angles, 
Heading, Pitch, and Roll, which are used by 
the sensor subsystem to compute the 
transformation matrix. 

Sensor LOS (S) Frame (e,d,r) - This frame 
has its origin at the IMU axes intersection. 
The sensor roll axis ( e) is coincident with the 
aircraft (INS body) roll axis at zero pitch 
gimbal angle. The sensor pitch axis (d) is 
coincident with the aircraft (INS body) pitch 
axis at zero roll gimbal angle. r is the LOS 
axis and forms an orthogonal RH set. The 
transformation from LL to S is computed 
internally and is determined by two single 
axis rotations through the 'roll' and 
'pitch/yaw' euler angles. The transformation 
from AC to S is also computed internally and 
also consists of two single axis rotations, but 
through the roll and pitch gimbal angles 
instead of the euler angles. Note that if the 
aircraft is locally level, the aircraft frame 
(INS body frame) is aligned with the local 
level frame and the gimbal angles are equal to 
the local level euler angles 

In the following discussion, coordinate 

transforms are denoted by c~. where C is 

ZAC 

bottom 

nose 

Y AC right wing 

LOS 

Pitctv'Yaw 
Gimbal Angle 

Figure 3.1.3. Aircraft Frame 
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the direction cosine matrix transform from 
Frame X to Frame Y. 

3.2 WS Inertial Rate Generator 

A principal requirement for the command 
generation is to maintain the LOS position on 
the earth's surface at constant earth-fixed 
coordinates for the duration of one sensor 
integration period. During scan, this is 
accomplished by closing the inertial rate 
loops to control the sensor earth-fixed rates 
while backscanning the IMC mirror to null 
the LOS rates. The inertial rate loops 
attenuate aircraft angular motion sensed by 
the on-gimbal IMU and compensate for any 
unobserved angular motion induced by 
aircraft linear motion. 

To meet coverage requirements, the sensor 
must be scanned with respect to an earth­
fixed target at a constant rate, 

where 

co~,er= angular rate of the sensor 
frame with respect to the earth-fixed 
frame resolved in sensor frame 
coordinates, 

cl>pov = sensor roll angular FOV, 

& T = frame time = 1/30 second. 

co~ 1 ef is comprised of two distinct rates: 

co~, LL is the angular rate of the sensor with 
respect to the local level frame. This rate is 
further partitioned into two rates - the angular 
rate induced by the translation of the sensor 
frame with respect to the stationary earth-
fixed target, co~/T• plus the controlled 
angular displacement of the earth-fixed target 

( or desired sensor LOS) with respect to local 
level coordinates, coi/LL· Figure 3.2.1 
illustrates these rates. 

Equation (3.2.2) is expanded and equated to 
the FOV constraint. 

(3.2.3) 

The local level frame is a 'quiet' frame to 
reference position and rate commands 
because it is uncorrelated from aircraft 
disturbances. The desired sensor LOS is 
located with respect to the local level frame 
through two euler angles. The rate-of-change 
of these euler angles defines the angular rate 
vector with respect to that frame, col I LL, 
which, during gimbal scan, is a constant scan 
rate modified by the aircraft-induced motion 
and craft rates. 

... 

s 

TARGET TRANSLATING S FRAME 

LL 

TARGET TARGET 

DESIRED SENSOR LOS MOTION 

Figure 3.2.1. co~, LL Components 
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s - s s 
[

<l>Fov I~ T] 
O)T/LL - ~ -(t)S/T - O)LL/ef• 

(3.2.4) 

where 

ros -[-vv
2]_1 

-SIT - ~ R_LOS' 
(3.2.5) 

and 

(3.2.6) 

The angular rate vector in (3.2.5) is generated 
in sensor LOS coordinates from the aircraft 
velocity and target-to-sensor slant range 
(R_LOS) computed by the image geolocation 
algorithm. The terms in (3.2.6) are defined 
as 

V~cter= aircraft velocity vector with 
respect to the earth-fixed frame 
resolved in the navigation frame 
provided by aircraft INS, 

CLL = desired transform from local 
level to sensor coordinates defined by 
the derived euler angles, 

c~L= transform from navigation to 
local level coordinates derived from 
the filtered heading angle. 

During LOS scan, all three terms in (3.2.4) 
are transformed to euler angle rates and 
numerically integrated to update the euler 
angles which define the local level-to-sensor 
LOS transform, cEL. During gimbal slew 
maneuvers, the Scan Generator analytically 
derives time-optimal (see Scan Generator) 
angular position, rate, and acceleration 
commands to reposition the LOS on the 
earth's surface. Because of the relatively 
large angular displacements required for a 
slew maneuver, the analytical solution 
prevents numerical integration errors from 

corrupting the angular position and rate 
solutions. 

The craft rate, ro Eu ef, is the local level 
frame angular rate vector with respect to the 
earth-fixed frame. This frame is rotated to 
maintain the down axis aligned with the 
geodetic vertical. The angular rate vector is 
determined from INS aircraft velocity data 
resolved in navigation coordinates. 

[ 

Vy ] N 1 
(t)LL/ef = -vx "cf 

(vx sin a+ Vy cosa)tanl rs 

(3.2.7) 

where 

v x, v y= navigation frame local 
horizontal velocity components m 
navigation frame coordinates 
a= wander azimuth angle, 
'A,= geodetic latitude, 
l!JI = radial distance from sensor to 
earth's center. 

cotu ef is transformed to sensor LOS 
coordinates before it is applied in (3.2.4) 

S CS * CAC * N 
(t)LL/ ef = AC N (t)LL/ ef (3.2.8) 

where the direction cosines in (3.2.8) are 
derived from INS and inductosyn outputs. 
Equation (3.2.4) generates the appropriate 
rate command to control the LOS with respect 
to an earth-fixed frame. However, the rate 
loop commands are referenced to inertial 
coordinates requiring the earth rate vector to 
be added to the rate vector in (3.2.4), 
ro~ 1 LL. The inertial rate command becomes 

(3.2.9) 

3.3 Scan Generator 

The Scan Generator analytically computes 
angle, angular rate, and angular acceleration 
commands as a function of time to transfer 
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Initial LOS 
position 

Transition 
Maneuver 

Final LOS 
Position 

Initial LOS 
Position 

Analytical 
Time Optimal 

Transfer 

Final LOS 
Position 

+ 

Final LOS 
Position 

Numerically Integrated 
Aircraft Induced Motion 

Figure 3.3.1. Scan Generator Transfer Partitioning Mechanism 

the sensor from an initial state to a final 
desired state. In Base Reference mode, the 
commands are gimbal angles and 
accelerations while in all other modes, the 
commands are euler angles, rates, and 
accelerations. 

The Scan Generator employs a time-optimal 
solution for all transfer maneuvers. Th.e Scan 
Generator inputs are the initial angular 
position and rate and the final position, rate, 
and time to complete the transfer. The 
transfer time is divided into two equal periods 
of constant acceleration whose amplitudes are 
computed prior to the first time step of the 
transfer. The rate and position commands are 
analytic integrals of the acceleration profile 
that are sent to the servo loops every sample 
period. 

The mechanism for performing a slew 
maneuver of the LOS is described graphically 

in Figure 3.3. 1. The typical maneuver 
requires the LOS to be repositioned from its 
present earth-fixed position to the first frame 
position of the next scan bar at the desired 
earth-fixed scan rate. This problem is 
partitioned such that the Scan Generator 
analytically generates the reposition 
commands while the aircraft-induced rate 
compensation ( co~ IT and COI,u ef) is 
numerically integrated. 

At the inception of a transfer, a new target is 
located with latitude and longitude inputs. A 
unit vector from the new target to the current 
sensor position is computed in local level 
coordinates from which target euler angles 
are derived. The Scan Generator determines 
the servo loop commands that will transfer 
the LOS from its present initial euler angle 
position to the target euler angle position 
assuming a stationary aircraft and target. To 
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compensate for aircraft and target motion, the 
aircraft-induced rates are computed with 
respect to the assigned target rather than the 
current LOS EF location. At the conclusion 
of the transfer, the LOS is at the desired 
earth-fixed location and rate that exactly 
cancels the linear aircraft motion. 
Scans are constructed in the LL frame and are 
generally orthogonal to the aircraft body roll 
axis. The length of the scan is modulated to 
keep the cross track rate of the scan 
approximately equal to the forward ground 
track rate of the aircraft, thereby minimizing 
the pitch/yaw angle. This is important in the 
scan geometry both for image quality and for 
image footprint. Scans are conducted only 
about the sensor roll axis which result in a 
parabolic LOS footprint on the earth's surface 
at non-zero pitch angles. This is because the 
LOS sweeps out a cone when scanned about 
the roll sensor axis at a constant non-zero 
pitch angle, and the flat earth intersection 
with this cone is a parabola. 

3.4 Gimbal Angle Command Generator 

As described in the LOS control section, 
when the sensor is scanning, the inertial rate 
loops are closed and the position loops are 
open. During transfers which include scan 
bar turnarounds, the position loops are closed 
to remove gyro drift and servo position 
biases accumulated during the scan bar. The 
gimbal angle commands are continually 
updated according to the following process 
when the position loops are closed. 

The LOS urut vector in S coordinates is 
expressed as, 

and is transformed to aircraft coordinates 
using the clirection cosine matrices defined in 
previous sections. 

UAC - cAC * cN * cLL *[~] -LOS - N LL S 

1 

(3.4.1) 

The LOS unit vector in aircraft coordinates is 
related to the gimbal angles accorcling to 

<I> = arctan( -u:2 ) roll 

(3.4.2) 

e = arctan( u1 ) 
✓u2 +u2 2 3 

where 

pitch/yaw 

The position loops are opened when imaging 
to decouple the LOS from aircraft angular 
motion that is induced by the inherent time 
delays between the GPSfINS and inductosyn 
measurements. 

3.5 Command Processor 

The Command Processor (CP) is the 
backbone of the command generation. As 
mentioned in the LOS control section on 
cligital servo implementation, command 
generation is executed at the same sample rate 
as the loops being commanded. Thus, the 
LOS Inertial Rate Generator, Scan Generator, 
and Gimbal Angle Command Generator 
execute at 2kHz, and the IMC backscan 
command executes at 6kHz. All time steps 
are synchronized to an IMU clock signal. 
The CP runs at 500Hz. 

The CP handles mode transitions and is the 
source of most of the arguments to the 
command generation algorithms. For 
example, if the sensor is commanded to leave 
an idle mode and begin a WAS pattern at a 
start latitude and longitude, the CP computes 
the initial and final euler angles for the 
transfer to the new earth-fixed location and 
calls the LOS Inertial Rate Generator, Gimbal 
Angle Command Generator, Scan Generator, 
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and the image geolocation algorithm for 
current target range data. 

Several of the features of the earth-fixed scan 
are maintained by the CP. The earth-fixed 
scan geometry is continually monitored by 
the CP to maintain LOS coverage over the 
designated search region due to variations in 
aircraft heading and ground track. 
Corrections to the position command are 
computed during scan bar turnarounds that 
alter the scan bar lengths to fit the designated 
region. 

The CP is also responsible for computing the 
filtered heading angle, interpolating target 
altitude for the image geolocation algorithm, 
and synchronizing GPS/INS and inductosyn 
data for the purpose of improving LOS 
control and geolocation estimates. 

Figure 3.5.1 is a functional block diagram 
which summarizes the LOS Inertial Rate 
Generator, Scan Generator and Gimbal Angle 
Command Generator that are described in the 
above four sections. Note that the Command 
Processor is the source for several variables 
in this diagram. 
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Reference Ellipsoid 

\ 
a 

ye 

Figure 4.1.1 LOS/ Reference Ellipsoid Geometry 

4.0 IMAGE GEOLOCATION 

4.1 Frame Locator Algorithm 

The purpose of the frame locator algorithm is 
to locate the terrestrial position of a sensor 
video frame on the earth's surface. The 
frame location data has two functions. 

(1) To assist in the post-flight 
processing of video frame mosaicking 
(2) To correct for frame location 
errors accumulated during Wide Area 
Search scans 

The frame locator algorithm design utilizes 
the WGS84 ellipsoidal earth model. Given 
an aircraft latitude, longitude, and altitude 
above the reference ellipsoid, the algorithm 
determines the sensor LOS intersection with 
the reference ellipsoid using the LOS pointing 
direction derived from aircraft navigation data 
(LN-100 INS) and gimbal inductosyn 
readout angles. 

Figure 4.1.1 depicts the frame locator 
geometry of the line-of-sight (LOS) that is 
defined by its earth target intersection (T) and 
its sensor location (S). 

The frame locator algorithm determines the 
geodetic latitude and longitude of the LOS 
target vector on the reference ellipsoid Cr.et ) , 
given the sensor's earthftfixed position vector 
Cre-s), the target altitude above the reference 

ellipsoid (h 1) and the LOS unit vector 

resolved in earth-fixed coordinates (u~~8). 
Since the LOS direction is known, only its 
magnitude is needed to completely define its 
intersection with the reference ellipsoid. 

The LOS magnitude is derived from the target 
vector equation which equals the sum of the 
sensor and LOS position vectors expressed in 
earth-fixed coordinates, 
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Let = r10s!!;~ s + Les = [ ;:: ] 
Zet 

(4.1.1) 

with r105 as the LOS magnitude. The 
mathematical expression for the reference 
ellipsoid is expressed as, 

(4.1.2) 

where 

Xe, Ye, 2e = earth-fixed coordinates 
(Figure 4.1.1) 
a= ae + h= earth's equatorial radius 
adjusted by target altitude 

b = a-,Ji- e2 = earth's polar radius 
adjusted by target altitude 

By substituting equation (4.1.1) into ( 4.1.2), 
r10s is expressed in a quadratic form. 

(4.1.3) 

where 

A= b2(u~ + u~) + a2u~ 

B = ib2
(u1Xes + U2Yes) + a2u3z 0 sJ 

C = b~xis + Yis) + a 2zis - b2
a 2 

(4.1.4) 

and 

Finally, r105 is determined from the quadratic 
formula. 

-B ± (B2 - 4AC)
112 

r10s = ______ ...:.....__ 
2A 

(4.1.5) 

Since the LOS vector pierces the reference 
ellipsoid at two points, the solution having 
the smaller magnitude is selected. 

The earth-fixed target vector (re1) in ( 4.1.1) is 
now completely defined after determining 
r105. To determine latitude and longitude 
angles, the earth-fixed target vector is 
expressed in terms of its geodetic coordinates 
[2]. 

[

Xet] 
!et= Yet= 

(p + h) cos<l>gd cos A 
(p + h) cos<l>gd sin A (4.1.6) 

Zet [P( 1-e
2

) + h ]sin <l>gd 

The ellipsoid's eccentricity is defined as, 
2 

e2 = 1- be 
a2 

e 
(4.1.7) 

with the normal radius of curvature expressed 
as, 

and 

- ae 
p - ( 1/2 

1-e
2 

sin
2 

<l>gd) 

(4.1.8) 

h = target altitude above the reference 
ellipsoid 
cj)gd = geodetic latitude 

A = longitude 

The longitude angle, A, is determined 
directly from the xet and Yet components 
defined in (4.1.6). 

(4.1.9) 
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Table 4.2.1. Cal vs. Uncal LOS Pointing Error Results For TIER Il Plus LOS Control 

Uncallbratec: 

1 Sigma Misalignments 1 Sigma Mlsallgnments 

Coordinate Frames Yaw Pitch 
(µrad) (µrad) 

Local Level-to-LN100 2Ql2 .mo. 
IMU Axes 

LN100 IMU Axes-toLN100 1.4.1 1.4.1 Mounting Surface 
-imu to INS case 100 100 
-I NS case to mount surface 100 100 

LN100 Mounting Surface-to-
Roll Gimbal Axis ~ ~ 

-bulkhead holes to LN100 111 111 
mounting surface 

-roll base tilt 190 190 
-outer bearing housing tilt 27 27 
-bearing runout 27 27 
-inner bearing housing tilt 33 33 

Roll Gimbal Axis-to-
PfY Glmbal Axis 

2Wl 

-roll readout error 
-PfY axis non-orthogonality 289 

-gimbal ring boss tilt 267 
-axis orthogonality In ring 111 
-bearing housing radial runou1 5 
.~--. ro•~~••t 1 

P/Y Gimbal Axis-to- 1.00 
EQ-IR Sensor Base 

-ply readout error 100 

EO-IR Sensor Base-to- ZS ZS Optical Train 

Optical Train-to-
LOS 

fill 

1 Sigma Pointing Errors 
(µrad) 

361 

The geodetic latitude angle is detennined 
through iteration because it appears in 
multiple transcendental functions. Since 
latitude angle varies monotonically within a 
quadrant, there is little concern for the 
solution not converging. However, some 
precautions are necessary across quadrant 
transitions. 

The geodetic latitude angle is determined by 
incrementing 4>gct until the zet component in 

(4.1.6) agrees with zet in (4.1.1). zet is 
initialized at the sensor geodetic latitude. The 
latitude increments are computed by applying 
the z component difference to the difference 
equation relating incremental latitude changes 
to z. 

Roll Yaw Pitch Roll 
(µrad) (µrad) (µrad) (µrad) 

.mo. 2Ql2 ZQQ 2Ql2 

1.4.1 Q Q Q 
100 
100 

Q Q 

1.00 10Q 100 

100 100 
100 

.100. 

100 

ZS ZS ZS ZS 

fill fill fill 

281 240 238 

(4.1.10) 

and 

~$gd = 2 • 2 ( 2) 

[ 
r:--f ] pe sm $gd cos$gd 1-e 

p-vl- e· + h cos$8d + 2 . 2 

llz 

1-e sin $gd 

(4.1.11) 
4>gct increments the geodetic latitude angle for 
a couple of iterations when the 8.z error 
converges to a small quantity. 

(4.1.12) 

The above computations locate the boresight 
of the sensor field-of-view (FOV). It is 
necessary that the FOV comers be computed 
for reporting purposes and overlap 
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Table 4.2.2 Cal vs. Uncal CEP Results For 
TIER II Plus Frame Location Algorithm 

UNCALIBRATED CALIBRATED 

ERROR SOURCE 
DA(m) CA(m) DA(m) CA(m) 

LOS POINTING 11.3 102 96 68 

TARGET ALTITUDE 50 0 5.0 0 
(10 0) (10.0) 

OWNSHIP HORIZONTAL 
POSITION 

5.0 5.0 5.0 5.0 

OWNSHIP ALTITUDE 7.0 0 7.0 0 

ASS 15.0 11.4 138 84 
(17.3) (16.3) 

CEP 15.6 13.1 
(16.9) (14.8) 

computations. To locate the corners, the LOS 
unit vector is modified in sensor coordinates 
by the FOV azimuth and elevation 
dimensions and subsequently transformed to 
earth-fixed coordinates. Once these unit 
vectors are detennined, the above latitude and 
longitude computations are repeated for each 
corner location. 

4.2 CEP Analysis 

The frame locator algorithm accuracy needed 
evaluating to see if it satisfied the 20 meter 
circular error probability (CEP) requirement. 
A CEP analysis was performed that included 
all the significant error contributors to the 
frame locator - the sensor LOS pointing 
vector, the INS attitude and misalignment 
errors, the target altitude uncertainty, and the 
INS errors associated with locating the 
aircraft's earth-fixed position vector. 

The sensor LOS unit vector is determined 
with respect to the base-mounted INS local 
level reference frame. Its errors include the 
aircraft attitude error with respect to the INS 
frame along with all the misalignment buildup 
from the INS-sensitive axes to the sensor 
LOS. The CEP analysis examined the 
pointing accuracies with and without gimbal 

calibration to determine if the less accurate 
uncalibrated solution is viable. These errors 
are summarized in Table 4.2. l below 
showing that the uncalibrated solution will 
satisfy the CEP requirement if the gimbal 
mechanical tolerances are held to within 
specified values. 

Table 4.2.1 shows that gimbal calibration 
removes misalignment errors between the 
LN 100 sensitive axes and the on-gimbaJ IMU 
sensitive axes, but leaves the significant 200 
microradian navigation errors intact. The 
LOS pointing error is the most significant 
error, but is not the only contributor to the 
LOS CEP errors, which are described in 
Table 4.2.2. Ownship position errors and 
the highly uncertain target altitude error are 
also significant contributors, and the resulting 
conclusion is that the calibrated results are an 
insignificant improvement over the 
uncalibrated results. 

5.0 MODELING AND ANALYSIS 

Development of the command, control, and 
geolocation algorithms for the TIERII Plus 
EO/IR control subsystem was aided by 
extensive math modeling and analysis. All of 
the embedded LOS control and command 
software is directly based on math model 
results. The models use a combination of 
MA TLAB/SIMULINK and C language 
modules linked to the MATLAB simulator. 
Some of the algorithms, such as image 
geolocation, are written initially in C and then 
ported directly from the simulation platform 
(Unix machines and Macintosh) to the target 
embedded system (Quad TI TMS320C40 
DSP card and PC based C40 simulator). 

5.1 Model Description 

The command generation. LOS control, and 
subsystem plant models are simulated as 
linear and nonlinear dynamic models. Some 
elements of the command generation and the 
image geolocation algorithm are incorporated 
as CMEX functions, written in C and linked 
to SIMULINK. Figure 5.1. l shows the 
general structure of the model. 
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Inertial Rate - IMC 

Control LOS Inertia! Rate Inertial Rate Position 
Arauments - Generator Model Commands_ Feedback TWO Axis Glmbal .. SIMULINK Non-Linear .. (4) And IMC Dynamic 

- Functional Blocks Model -- Command Processor LOS Control Model SIMULINK Linear Inertial Model 
CMEX C Language Euler Angles 1 I. Euler Rates 

SIMULINK Discrete Rate And Non-Linear 
Linear And Non-Linear Functional Blocks Feedback Module ' . Accel Functional Blocks 

Simulated ISP Transfer Feedforward 

eommanos _ Argvments ~ Scan Generator Model Commands _ 
SIMULINK Non-Linear Gimbal ... 

- - Functional Blocks - Torques (4) -
J, Euler Rates 

IMC Torques (4) -

IMC Con1rol IMC Position Command IMC Position 

Amurnents Generator Model Commands -- CMEX C Language -
Module 

Figure S.1.1. TIERII Plus Pointing And Stabilization Subsystem Math Model Structure 

All of the algorithms are implemented 
digitally and perform computations at the 
specified sample rate for each functional 
module. In ilie LOS control model, DIA and 
ND time and level quantization effects are 
incorporated, as well as the measurement 
readout errors for the inductosyns and IMU, 
torquer saturation and ripple, and a variety of 
other effects inherent in the electromechanical 
system. 

The plant model is based on linear and non­
linear SIMULINK blocks which simulate the 
kinematics and dynamics of the two axis 
gimbal and 1MC system. In order to 
accurately evaluate the LOS jitter caused by 
high frequency base motion effects, the non­
linear kinematic model is replaced by a 
linearized structural model. The structural 
model is intended to point out possible 
stability problems caused by structural modes 
in the load path between the torquers and 
inductosyns or IMU and also to analyze 
unmeasured motion of the LOS due to sensor 

structural modes. The structural model is 
based on a NASTRAN linear finite element 
model which was reduced for this simulation 
to about 150 states. 

The command generation blocks shown in 
Figure 5.1.l. simulate the command 
generation described in Command Generation 
(3.0). Although only a very general 
description of the Command Processor is 
given in Section 3.0, it is a critical element of 
both the simulation and the embedded 
system. The simulation results presented in 
Section 5.2 demonstrate several of the 
interesting features of the scan geometry 
which the Command Processor is required to 
maintain during WAS patterns. 

Two key elements of the simulation are the 
GPS/INS simulator and the Image 
Geolocation algorithm, both of which are 
based on the WGS-84 earth model and are 
shown in Figure 5 .1.1. The GPS/INS inputs 
to the command generation algorithms must 
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Figure 5.2.1 (a-t) EF Point Command Execution, 8 Elapsed Seconds, 1 Second Transfer 
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be simulated accurately in order to evaluate 
the accuracy of the command generation 
algorithms. For example, In EF Point mode, 
the command generation should transfer the 
LOS to the requested lat/Ion location and 
maintain its position as the aircraft flies by the 
target. The feedback element for this 
simulation is the Image Geolocation 
algorithm. If the algorithms are working, the 
computed image geolocation should equal the 
requested location at the conclusion of the 
transfer and thereafter. 

5.2 Simulations 

Figures 5.2.1 (a-f) show a simulated EF 
Point command being executed. The intent is 
to transfer the LOS to a desired target location 
and maintain that position as the aircraft flies 

. . . 

Mean HE:jading Aligned 
..... ·-With· NAV Vel Const.· ..... . . ' . 

0 
a: 

Holl Ang!e 

o---..L.-__ __._ __ _... __ ___. 
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<tS 
(1) 

~ 

0.02 

0 • • • ·note·srnaH·cmd: diseont: 

E -0.02 .____._ ____ _._ _____ ~
1 u O 0.5 

Time (sec) 

past the target. Figure 5.2.la shows the LOS 
trajectory as tlhe LOS is transferred from its 
initial geolocation to a target at (-0.20980 
rad Lat, 0.52042 rad Lon). The servo is 
operating in an inertial rate / inertial position 
mode where the rate commands are 
partitioned as described in Section 3.0. An 
unavoidable transient in transferring the LOS 
occurs because the LOS inertial rate used 
d11.lfing the transfer is the rate which cancels 
aircraft translational motion with respect to 
the desired earth fixed target. This is not the 
initial rate at which the sensor is moving, and 
hence will involve a small velocity command 
step into the inertial rate loops. Figure 5. 2.1 f 
illustrates this discontinuity, which occurs 
any time the LOS is transferred. In general, 
it is not significant because it occurs at the 
start of a transfer where imaging is not taking 
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Figure S.2.2a. Example Wide Area Search Pattenn For Nominal TIER Il Plus Aircraft Velocity, 
Heading Aligned To Ground Track and Lat/Lon Trajectory 
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place, and any transients will have died out 
by the end of the transfer. The same problem 
applies at both the start and finish of transfers 
in WAS mode (during scan turnarounds). 
Since the scan is constructed in local level 
(eu1er angle coordinates), the transformation 
from sensor to local level coordinates must be 
applied to obtain the target euler rates for the 
transfer end conditions. Since exact 
knowledge of these rates is impossible, a 
small discontinuity will enter the command as 
the sensor transitions to constant rate scan. 
This discontinuity can be accommodated by 
allowing a short (<l/30sec) settling time so 
that the IMC correction angles are small for 
the entire scan bar. This is the type of 
command generation problem that the 
simulations have uncovered throughout the 
program. 

WAS scan geometry requires continuous 
monitoring by the CP to maintain consistant 
gap-free coverage of the designated search 
region. The WAS search region is bounded 
in length by a pair of latitude/longitude 
angles. The aircraft is directed to fly a 
trajectory such that its ground track parallels 
this search region. Sensor scan bar length 
defines the search region width that varies 
with aircraft velocity. Any adjustments to 
scan bar length are made at the far-field 
leaving near-field frames aligned to facilitate 
image post-processing. 

The scan pattern is referenced to the LL frame 
which varies in orientation by the filtered 
aircraft heading angle. If aircraft heading 
varies rapidly, the scan pattern will 'walk off 
the designated search region. The CP checks 
the near-field frame locations and repositions 
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Figure S.2.2b. Example WAS Pattern For Sudden AC Heading Change, No Heading Filter, 
Showing Scan Bar Location Adjustments For Uniform Near-Edge Track 
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the next scan bar to acount for any heading 
deviations. 

Figure 5.2.2a is the math model output of a 
simulated WAS pattern where the x' s locate 
the four corners and center position of each 
frame. For this case, the aircraft heading is 
aligned with the ground track so that the scan 
bars edges are parallel to the ground track 
trace. 

Figure 5.2.2b shows a 16-second WAS 
pattern, with an exaggerated maneuver which 
causes the aircraft heading to be misaligned 
from the ground track. The heading varies 
from +15° to -15° with respect to the ground 

track at the 11th scan bar, settling at the 15th 
scan bar, which is a time interval of about 4 
seconds. The important thing to note is that 
the local level frame is following the aircraft 
heading (zero filter weight, or all-pass filter), 
so the WAS pattern is directly coupled to the 
heading angle. Fast variations of aircraft 
heading such as this will be removed by 
changing the heading filter weight to 
decouple the scan pattern from the heading 
angle variations. Figure 5.2.2c shows the 
same exaggerated scenario with the local level 
scan frame decoupled from the aircraft 
heading. This solves the image overlap 
problem, but causes another problem. Since 
the position commands are based on the local 
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Figure 5.2.2c. Example WAS Pattern For Sudden AC Heading Change, LL Scan Frame Decoupled 
From AC Heading 
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level frame orientation, the only way for the 
inertial rate commands and position 
commands to create equivalent scan patterns 
is if the aircraft heading and loca] level frame 
are attached, as in Figure 5.2.2b. Otherwise, 
the constant inertial rate scan ( which is about 
sensor roll only, due to optical constraints) 
will result in different gimbal angles than the 
ones which are being computed by the 
Gimbal Angle Command Generator(3.3) 
based on the local level frame orientation. 
This will result in a transient at the conclusion 
of each scan bar where the position loop is 
closed and the correct gimbal angles are 
forced. Figure 5.2.2c shows the case where 
both loops are always closed, because that 
more clearly demonstrates the fact that these 
two are in contention when the local level 

frame is not aligned with the aircraft heading. 
The selection of the aircraft heading filter 
weight is a trade off between the effects in 
Figure 5.2.2b and 5.2.2c. The overlap and 
image quality will be strongly influenced by 
the heading motion of the TIER II Plus 
aircraft because it can only be scanned about 
one axis. Fortunately, the base motion that is 
expected is very benign and the overlap 
requirements will be met. 

Figure 5.2.2d illustrates another key 
performance feature of the WAS and Spot 
command generation. Images must overlap 
on the surf ace of the reference spheroid to 
avoid gaps in the scanned region. Linear 
aircraft motion complicates this. The angular 
rate variations needed to keep the scan earth 
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Figure 5.2.2d. Example WAS Pattern (Exaggerated AC Velocity And Scan Bar Extent) Showing Scan 
Bar Overlap Geometry 
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fixed cause gaps at the frames which are 
closest to the aircraft if the cross scan steps at 
the far end of the scan bars are not adjusted 
appropriately. The geometry for this problem 
is quite subtle, and computations are 
perfonned at each far field turnaround to 
estimate the compensation needed to ensure 
zero gap coverage at the near edge of the scan 
pattern. 

6.0 CONCLUSIONS 

This paper is a detailed review of the LOS 
control, command, and geolocation 
algorithms used in the TIER II Plus program. 
The prominent features emphasized in this 
paper are 

(1) gimbal angle command algorithms enable 
the LOS to be positioned at a specified 
latitude and longitude on the earth's surface 
(2) gimbal angle command algorithms enable 
a time-optimal LOS slew between earth-fixed 
positions or LOS angular positions to ensure 
gap-free FOV coverage during earth-fixed 
scans 
(3) geolocation algorithms locate the LOS 
position on a WGS-84 reference ellipsoid 
from which LOS slant range to the target is 
used to estimate aircraft-induced rates 
(4) inertial rate algorithms command the LOS 
at either constant earth-fixed rates or time­
optimal rates eliminating any aircraft-induced 
angular rates with respect to the target 
(5) rate command algorithms partition the 
slew and aircraft-induced rates when 
updating rate and position commands during 
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slew maneuvers to minimize numerical 
integration errors 
(6) IMC scale factor accuracy is a prominent 
factor in generating smear-free imagery and is 
a major cost and risk consideration in this 
program. 
(7) An intensive math modeling effort using 
MA TLAB/SIMULINK dynamic simulation 
tools enabled us to verify the algorithm 
concepts and provide test cases for validating 
the real-time code. 

Acknowle.dgeme11ts 

The authors wish to thank Dr. A. Wu for encouraging 
us to write this paper and for his sound advice in 
organizing its preparation. We also wish to 
acknowledge the entire Hughes TIER Il Plus 
engineering team that demonstrated endurance, 
technical depth, and abundant talent in tackling such a 
challenging program. Special thanks go to 0. Hull 
for his e1egant mechanical design, P. Bender, P. 
Messina, and S. Herbst for their keen engineering 
insights that sculpted the system design, and N. Uros 
for being a patient and attentive program manager. 

References 

[l] Y.A. Wu, "EO Target Geolocation 
Determination", Proceedings of the 34th 
Conference on Decision and Control, Dec., 
1995. 

[2] George M. Siouris,.Aerospace 

Avionics Systems - A Modern Synthesis, 
Academic Press, Inc., 1993 

Authors 

K. James Held was born in Chicago, II in 
1945. He received a BS degree in 
aeronautical engineering from Purdue 
University in 1966 and an MS from the 
University of Southern California in 1969. 
From 1969 to 1977 he was employed at 
TRW Systems in Redondo Beach, CA, 
where he was involved in boost and post 
boost vehicle trajectory analysis and the 
analysis and design of guidance and 
navigation equations for the Minuteman Il, 
Ill, and Atlas launch vehicles. He has been 
associated with the Electro-Optical Systems 
Sector of Hughes Aircraft Company in El 
Segundo, CA, since 1977 and he is 
predominantly involved in the analysis and 
design of control systems for gimballed 
pointing and tracking sensor systems. 

Brendan H. Robinson was born in 
Redlands, CA in 1969. He received a BS 
degree in mechanical engineering from UC 
Berkeley in 1991 and an MS degree from 
Stanford University in 1993. He has been 
associated with the Electro-Optical Systems 
Sector of Hughes Aircraft Company in El 
Segundo, CA since 1995, and is involved in 
the analysis and design of control systems 
for sensor payloads. He is currently a 
Hughes work-study felJow in the graduate 
program in electrical engineering at UCLA. 

405 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00076

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00076



I DATE DUE 
I ~,itJ .. ·-

I -•fl.l 1/ltlL! ···-
I 
I 

I 

I 
I 
I 
I QAVU)III) PMfTEONUIA 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00077

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00077



APPENDIX MOSTAFA01

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00078

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00078



11/13/23, 9:30 AM nimbus screenshot app print

chrome-extension://bpconcjcammlapcogcnnelfmaeghhagj/edit.html 1/1

screenshot-pitt.primo.exlibrisgroup.com-2023.11.13-09_29_52
https://pitt.primo.exlibrisgroup.com/discovery/sourceRecord?vid=01PITT_INST:01PITT_INST&docId=alma999566753406236&recordOwner=01PITT_INST

13.11.2023

leader 
001 
005 
008 
022 
035 
035 
035 
035 
040 
245 
246 
260 
362 
530 
650 
650 
710 
780 
948 
906 
906 

00805mas a22002297a 4500 
999566753406236 
20051215091947. 0 
891009c19899999ne br p 1111 0uuu 0eng d 
##$a0924-2716 
##$a (OCoLC) 20456482 
##$9AFC4756Cl 
##$a ( ppiu )956675-pi ttdb 
##$a (pi ttdb) 956675-pi ttdb 
##$aEUN $cEUN 
00$aISPRS journal of photogrammetry and remote sensing $bofficialpublication of the International Society for Photogrammetry and Remote Sensing(ISPRS) 
13$aPhotogrammetry and remote sensing. 
##$aAmsterdam : $bElsevier. 
1#$av. 44- 1989-
##$aAlso available on the World Wide Web. 
#0$aPhotographic surveying $xPeriodicals. 
#0$aPhotogrammetry $xPeriodicals. 
2#$ainternat ional Society for Photogrammetry and Remote Sensing. 
00$tPhotogrammetria. 
##$aper: bdw 
##$aULS 
##$aULS 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00079

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00079



11/13/23, 9:31 AM nimbus screenshot app print

chrome-extension://bpconcjcammlapcogcnnelfmaeghhagj/edit.html 1/2

screenshot-pitt.primo.exlibrisgroup.com-2023.11.13-09_30_56
https://pitt.primo.exlibrisgroup.com/discovery/fulldisplay?vid=01PITT_INST:01PITT_INST&search_scope=MyInst_and_CI&tab=Everything&docid=alma999566753406236&context=L

13.11.2023

~ Universityof 

'W Pittsburgh PittCat NEW 
SEARCH 

BROWSE 
JOURNAL 

FINDER 
DATABASE 

FINDER 

Search anything Books, Articles, and More ~ -!, 

" ':':." 
PiioTOGRAMUETRY 

TOP 

SEND TO 

VIEW ONLINE 

GETIT 

DETAILS 

TOP 

SEND TO 

VIEW ONLINE 

GETIT 

DETAILS 

SEARCH INSIDE 

LINKS 

TOP 

SEND TO 

VIEW ONLINE 

GETIT 

DETAILS 

SEARCH INSIDE 

LINKS 

JOURNAL 

ISPRS journal of photogrammetry and remote sensing : 
officialpublication of the International Society for 
Photogrammetry and Remote Sensing(ISPRS) 
1989 

ll!J Check holdings ULS - Thomas Blvd Periodicals (Request This Item) > 

6' Available Online > 
III View Journal Contents 0 
Report a Problem 

Send to 

fl @I 6' " CITATION EMAIL ENDNOTE/ZOTER! PRINT PERMAUNK 

View Online 

Full text availability 

Elsevier ScienceDirectJournals Complete 

Available from 02/01/1995 volume: 50 issue: 1. 

Get It 

Please sign in to check if there are any request options. "t) Sign in 

< BACK TO LOCATIONS 

LOCATION ITEMS 

ULS - Thomas Blvd 
May be ava ilable , Periodicals (Request This Item) 

Note: Check additional PITTCat records for availability as 
an electronic resource. 

Holdings: v.44-55 (1989-2001 ), .. 

View more 

Item in place (0 requests) v.44 1989-1990 

Loanable 

Item in place (0 requests) v.45 1990 

Loanable 

Item in place (0 requests) v.46 1991 

Loanable 

Item in place (0 requests) v.47 1992 

Loanable 

Item in place (0 requests) v.48-49 1993-1994 

Loanable 

0 

V 

V 

V 

V 

V 

., 
Sign in Menu ... 

ADVANCED SEARCH 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00080

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00080



11/13/23, 9:31 AM nimbus screenshot app print

chrome-extension://bpconcjcammlapcogcnnelfmaeghhagj/edit.html 2/2

TOP 

SEND TO 

VIEW ONLINE 

GET IT 

DETAILS 

SEARCH INSIDE 

LINKS 

TOP 

SEND TO 

VIEW ONLINE 

GET IT 

DETAILS 

SEARCH INSIDE 

LINKS 

SHOW MORE ITEMS 

Details 

Title 

Other title 

Contributor 

Language 

Publisher 

Date 

Type 

Journal Notes 

Notes 

Subject 

Related titles 

Identifier 

ISPRS journal of photogrammetry and remote sensing : 
officialpublication of the International Society for Photogrammetry and 
Remote Sensing(ISPRS) 

Photogrammetry and remote sensing. 

International Society for Photogrammetry and Remote Sensing. 

English 

Amsterdam: Elsevier. 
V. 44-1989-

1989 

Journal 

V. 44-1989-

Also available on the World Wide Web. 

Photographic surveying -- Periodicals > 
Photogrammetry -- Periodicals > 

Earlier title : Photogrammetria . > 
Earlier title : Photogrammetria . > 
Available in other form : ISPRS journal of photogrammetry and remote 
sensing (Online) > 

ISSN : 0924-2716 
OCLC : (OCoLC)20456482 

Dedup Member 9998511045206236 
Ids 

Source Library Catalog 

Search inside 

Search for articles within this journal 

Article title or keyword p 

Links 

Display Source Record 0 

~ Catalog enrichment powered by Syndetics Unbound 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00081

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00081



APPENDIX MOSTAFA02

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00082

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00082



Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00083

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00083



Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00084

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00084



R87-M1 G-S24-T84 
31735047504190 

I llllll 111111111111111 !!iii 11111 111111111111111 IIIII 111111111111111 IIIII IIII IIII 

Tray ID: R87-M16-S24-T84 
Call No.: 
Vo lume: 
Collection: GEt! 
Title: ISPRS journal c,i photo Jrammet.t· 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00085

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00085



'olume 56 - issue 1 June 2001 

low full journal online! 
ttp://www.elsevier.com/locate/isprsjprs 

,, ii 

SPAS Journal of / , ,,, 

ISSN 0924-2716 

information from imagery 

PHOTOGRAMMETRY 
Y, 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00086

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00086



/SPRS Journal of 

PHOTOGRAMMETRY & REMOTE SENSING 

Editor-In-Chief 
E.P. BALTSAVIAS, Institute of Geodesy & Photogrammetry, ETH--Honggerberg, CH-8093, Zurich, Switzerland. Tel.: +41 1 633 3042; Fax: +41 1 
6331101; E-mail: manos@geod.baug.ethz.ch 

Editorial Advisory Board 
R. Bamler (Germany), R. Bill (Germany), H. Chikatsu (Japan), S. El-Hakim (Canada), W. Forstner (Germany), C.S. Fraser (Australia), A. Grun 
(Switzerland), H. Haggren (Finland), J. Hohle (Denmark), C. Hutchinson (USA), K. Kraus (Austria), T. Krug (Brazil), W. Kuhn (Germany), R. Laurini 
(France), Y.C. Lee (Canada), M. Madden (USA), H. Maitre (France), J. Meyer-Roux (Italy) , R.R. Navalgund (India), D. Peuquet (USA), H. Ruther 
(South Africa), R. Sandau (Germany), M. Sester (Germany), A.K. Skidmore (The Netherlands), P.E. Skrovseth (Norway), T. Toutin (Canada), 
L. Van Gaol (Belgium), M.G. Vosselman (The Netherlands), A.S. Walker (USA), D.L. Williams (USA), P. Winkler (Hungary), Y. Yasuoka (Japan) 
a. Zhou (Hongkong). 

Alms and Scope 
ISPRS Journal of Photogrammetry and Remote Sensing (P&RS) is the official journal of the International Society for Photogrammetry and Remote 
Sensing (ISPRS). The journal is to provide a channel of communication for scientists and professionals in all countries working in the many disci­
plines employing photogrammetry, remote sensing, spatial information systems, computer vision, and other related fields. The Journal is designea 
to serve as a source reference and archive of advancements in these disciplines. The P&RS objective is to publish high quality, peer-reviewed 
preferably previously unpublished papers of a scientific/research, technological development or application/practical nature. P&RS will publish 
papers, including those based on ISPRS meeting presentations, which are regarded as significant contributions in the above mentioned fields. WE 
especially encourage papers: of broad scientific interest; on innovative applications, particularly in new fields; of an interdisciplinary nature; on top­
ics that have not been dealt with (or to a small degree) by P\&RS or related journals; and on topics related to new possible scientific/professional 
directions. Preferably, theoretical papers should include applications, and papers dealing with systems and applications should include theoretica' 
background. 

Publication Information 
ISPRS Journal of Photogrammetry and Remote Sensing (ISSN 0924-2716). For 2001 volume 56 is scheduled for publication. Subscription prices. 
associated personal US$ 80, institutional US$ 438, personal for members of National Societies that are ISPRS Members and employees of ISPRS 
Sustaining Members US$ 40, institutions from UN defined developing countries US$ 50 (for Europe and Japan the prices are in other currencies, 
see Journal's Website). Subscriptions are accepted on a prepaid basis only and are entered on a calendar year basis. Further details are availabl£ 
upon request from the publisher. Issues are sent from the Netherlands by surface air lifted mail (SAUprintflow air) to most countries at no extra 
charge. Air mail rates are available on request. Claims for missing issues must be made within six months of our publication (mailing) date. 

Orders, claims, and product enquiries: please contact the Customer Support Department at the Regional Sales Office nearest you: 

New York: Elsevier Science, P.O. Box 945, New York, NY 10159-0945, USA; phone: (+1) (212) 633 3730, [toll free number for North American 
customers: 1-888-4ES-INFO (437-4636)]; fax: (+1) (212) 633 3680; e-mail: usinfo-f@elsevier.com 
Amsterdam: Elsevier Science, P.O. Box 211 , 1000 AE Amsterdam, The Netherlands; phone: (+31) 20 4853757; fax: (+31) 20 4853432; e-mail· 
nlinfo-f@elsevier.nl 
Tokyo: Elsevier Science, 9-15, Higashi-Azabu 1-chome, Minato-ku, Tokyo 106-0044, Japan; phone: (+81) (3) 5561 5033; fax: (+81) (3) 556' 
5047; e-mail: info@elsevier.co.jp 
Singapore: Elsevier Science, No. 1 Temasek Avenue, #17-01 Millenia Tower, Singapore 039192; phone: (+65) 434 3727; fax: (+65) 337 2230, 
e-mail: asiainfo@elsevier.com.sg 
Rio de Janeiro: Elsevier Science, Rua Sele de Setembro 111/16 Andar, 29959-002 Centro, Rio de Janeiro - RJ, Brazil; phone: (+55) (21) 509 
1991; e-mail: elsevier@campus.com.br [Note (Latin America): for orders, claims and desk information, please contact the Regional Sales Office ir 
New York as listed above] 

Advertising Information: Advertising orders and enquiries may be sent to: Abigail Lishman, Elsevier Science, Advertising Department, The Boulevard 
Langford Lane, Kidlington, Oxford, OX5 1GB, UK. Tel: (+44) (0) 1865 843154; Fax: (+44) (0) 1865 843976; E-mail: a.lishman@elsevier.co.uk 

ISPRS 200~2004 
Council 
President: John C. Trinder (Australia), j.trinder@unsw.edu.au 
Secretary General: Ian Dowman (UK), idowman@ge.ucl.ac.uk 
Congress Director: Orhan Oltan (Turkey), oaltan@itu.edu.tr 
First Vice President: Lawrence W. Fritz (USA), lwfritz@erols.com 
Second Vice President: Gerard Begni (France), begni@medias.cnes.fr 
Treasurer: Ammatzia Peled (Israel), peled@geo1 .haifa.ac.il 

Technical Commission Presidents 
Commission I: Stanley Morain (USA), smorain@spock.unm.edu 
Commission II : Chen Jun (PR China), chenjun@nsdi.gov.cn 
Commission Ill: Franz Leber! (Austria), leberl@icg.tu-graz.ac.at 
Commission IV: Costas Armenakis (Canada), armenaki@nrcan.gc.ca 
Commission V: Petros Patias (Greece), patias@topo.auth.gr 
Commission VI: Tania Maria Sausen (Brazil), tania@ltid.inpe.br 
Commission VII : Rangnath Navalgund (India), rangnath@ad1 .vsnl.net.in 

Headquarters (office of Secretary General) 
Ian Dowman, Department of Geomatic Engineering, University College London, 
Gower Street, London WC1 E 6BT, UK. Tel. : +44 20 7679 7226; Fax: +44 20 7380 0453. 

ISPRS WWW Homepage: http://www.isprs.org 

Cover photo: ESA METEOSTAT, 26 March 1982, 11 :55 GMT. Artificially coloured visible channel. 

..... 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00087

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00087



ISPRS Journal of 

PHOTOGRAMMETRY 
& REMOTE SENSING 

VOL. 56 (2001) 

UNIVERSITY OF PITTSBURGH 

· HYSIC LIBRA'fl'ff 
Nearmap US Exhibit 1020 

Nearmap US, Inc. v. Eagle View Techs., Inc. 
IPR2024-00729 

Page 00088

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00088



Editor-in-Chief 

ISPRS Journal of 

PHOTOGRAMMETRY 
& REMOTE SENSING 
Official Publication of the International Society for Photogrammetry and Remote Sensing (ISPRS) 

Information from Imagery 

E.P. Bait avias, Institute of Geodesy & Photogramrnetry, ETH-Hbnggerberg, CH-8093, Zi.irich, Switzerland 

Editorial Advisory Board 
R. Barnler (Germany), R. Bill (Germany), H. Chikatsu (Japan), S. El-Hakim (Canada), W. Forstner (Germany), C.S. Fraser 
(Australia), A. Gri.in (Switzerland), H. Haggren (Finland), J. Hbhle (Denmark), C. Hutchinson (USA), K. Kraus (Austria), 
T. Krug (Brazil), W. Kuhn (Germany), R. Laurini (France), Y.C. Lee (Canada), M. Madden (USA), H. Maitre (France), 
J. Meyer-Roux (Italy), R.R. avalgund (India), D. Peuquet (USA), H. Ri.ither (South Africa), R. Sandau (Germany), M. Sester 
(Germany), A.K. Skidmore (The Netherlands), P.E. Skrovseth (Norway), T. Toutin (Canada), L. Van Goo) (Belgium), 
M.G. Vosselman (The Netherlands), A.S. Walker (USA), D.L. Williams (USA), P. Winkler (Hungary), Y. Yasuoka (Japan), 
Q. Zhou (Hongkong). 

VOL. 56 (2001) 

ELSEVIER Amsterdam - London - New York - Oxford - Paris - Shannon - Tokyo 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00089

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00089



© 200 I Elsevier Science B. Y. All rights reserved. 

Thi journal and the individual contributions contained in it are protected under copyright by Elsevier Science B.Y., and the 
following terms and conditions apply to their u e: 

Photocopying 
Single photocopie of ingle articles may be made for personal u e as allowed by national copyright law . Permission of the 
Publi her and payment of a fee is required for all other photocopying, including multiple or systematic copying, copying for 
advertising or promotional purposes, resale, and all forms of document delivery. Special rates are available for educational in­
stitution that wi h to make photocopies for non-profit educational classroom use. 
Permi sions may be sought directly from Elsevier Science Global Right Department, PO Box 800, Oxford OX5 !DX, UK; 
phone: ( +44) 1865 843830, fax: (+44) l 865 853333, e-mail: permissions@elsevier.co.uk. You may also contact Global Right 
directly through El evier' home page (http://www.elsevier.com), by selecting'Obtaining Permissions'. 
In the USA, user may clear permission and make payments through the Copyright Clearance Center, Inc., 222 Rosewood 
Drive, Danvers, MAO 1923, USA; phone: ( + l) (978) 7508400, fax: (+ l) (978) 7504744, and in the UK through the Copyright 
Licensing Agency Rapid C learance Service (CLARCS), 90 Tottenham Court Road, London W l P OLP, UK; phone: ( +44) 20 
7631 5555, fax: (+44) 20 7631 5500. Other countries may have a local reprographic right agency for payments. 

Derivative Works 
Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal circulation within their 
institutions. Permission of the Publisher is required for resale or distribution outside the in titution. 
Permis ion of the Publisher is required for all other derivative works, including compilations and tran lations. 

Electronic Storage or Usage 
Permis ion of the Publisher is required to store or use electronically any material contained in thi journal, including any arti­
cle or part of an article. 

Except as outlined above, no part of this publication may be reproduced, stored in a retrieval system or tran mitted in any 
form or by any means, electronic, mechanical, photocopying, recording or otherwise, without prior written permission of the 
Publisher. 
Addre permissions requests to: Elsevier Science Global Rights Department, at the mail, fax and e-mail addresses noted 
above. 

Notice 
No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products lia­
bility, negligence or otherwise, or from any use or operation of any methods, products, instruction or ideas contained in the 
material herein. Because of rapid advances in the medical ciences, in particular, independent verification of diagnoses and 
drug dosages should be made. 

Although all advertising material is expected to conform to ethical (medical) tandards, inclusion in this publication does not 
constitute a guarantee or endorsement of the quality or value of such product or of the claims made of it by its manufacturer. 

@) The paper used in this publication meets the requirements of ANSI/NI SO Z39.48- I 992 (Permanence of Paper). 

PRINTED fN THE NETHERLANDS 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00090

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00090



PHOTOGRAMMETRY 
& REMOTE SENSING 

ELSEVIER 

Volume 56 - issue 1 June 2001 

(Abstracted/indexed in: AG/'s Bibliography and Index of Geology; ASI/Geo-Sci Tech; Cambridge Scientifi'] 
Abstracts; Current Contents/Engineering, Computing & Technology; Geo Abstracts; GEOL/NE; Engineering 
Index; INSPEC; ITC Journal; PASCAL; Photogrammetric Record; Research Alert Direct) 

Announcements 
Call for Papers . . . . . 
ISPRS Symposium ... 

Research Papers 

CONTENTS 

Digital image georeferencing from a multiple camera system by GPS/INS 
M.M.R. Mostafa and K.-P. Schwarz ... . ......................................... . .. . 

An improved model for automatic feature-based registration of SAR and SPOT images 

V 

vi 

P. Dare and I. Dowman . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 
Automatic relative orientation of large scale imagery over urban areas using Modified Iterated Hough Transform 

A. Habib and D. Kelley. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . " 9 
Improving area-based matching by using surface gradients in the pixel co-ordinate transformation 

M. Mustaffar and H.L. Mitchell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
Seamline detection in colour orthoimage mosaicking by use of twin snakes 

M. Kerschner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
Spatial prediction and uncertainty assessment of topographic factor for revised universal soil loss equation using digital 

elEwation models 
G. Wang, G. Gertner, P. Parysow and A. Anderson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 

CONTENTS 

G 1 1 t?ti♦ 
This journal is part of ContentsDirect, the free alerting service which sends tables of contt·nts 
by e-mail for Elsevier Science books and journals. You can register for ContentsDirect online 
at: www.elsevier.com/locate/contentsdirect 

1111111111 111111 
http://www.elsevier.com/locate/isprsjprs 0924-2716(200106)56:l;l-G 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00091

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00091



PHOTOGRAMMETRY 
& REMOTE SENSING 

ELSEVIER ISPRS Journal of Photogrammetry & Remote Sensing 56 (200 l) 1-12 

www.elsevier.com/locate/isprsjprs 

Digital image georef erencing from a multiple camera system 
by GPS/INS 

Mohamed M.R. Mostafa a,*, Klaus-Peter Schwarz b 

• Applanix Corporation, 85 Leek Crescent, Richmond Hill, Omario, Canada LAB 383 
b Department of Geomatics Engineering, The University of Calgary, Calgary, Alberta, Canada T2N I N4 

Received 13 October 2000; accepted 5 April 2001 

Abstract 

In this paper, the development and testing of an airborne fully digital multi-sensor system for digital mapping data 
acquisition is presented. The system acquires two streams of data, namely, navigation (georeferencing) data and imaging 
data. The navigation data are obtained by integrating an accurate strapdown inertial navigation system with a differential 
GPS system (DGPS). The imaging data are acquired by two low-cost digital cameras, configured in such a way so as to 
reduce their geometric limitations. The two cameras capture strip of overlapping nadir and oblique images. The 
GPS /INS-derived trajectory contains the full translational and rotational motion of the carrier aircraft. Thus, image exterior 
orientation information is extracted from the trajectory, during post-processing. This approach eliminates the need for ground 
control (GCP) when computing 3D positions of objects that appear in the field of view of the system imaging component. 
Two approaches for calibrating the system are pre ented, namely, terrestrial calibration and in-flight calibration. Te t flights 
were conducted over the campus of The University of Calgary. Testing the system showed that best ground point positioning 
accuracy at l: 12,000 average image scale is 0 .2 m (RMS) in easting and northing and 0.3 m (RMS) in height. Preliminary 
results indicate that major applications of such a system in the future are in the field of digital mapping, at scales of 1 :5000 
and smaller, and in the generation of digital elevation models for engineering applications. © 2001 Elsevier Science B.V. All 
rights reserved. 

Keywords: GPS/INS; Georeferencing; Mobile mapping; Multi-sensor systems; Airborne digital mapping; Digital camera 

1. Multi-sensor systems for mobile mapping 

During the past two decades, the mapping sci­
ences have progressively moved towards digital 
mapping, making use of multi-disciplinary develop­
ments in the geomatics field . Instead of regarding 
geodesy, photogrammetry, and remote sensing as 
separate sciences, they are seen more as an inte-

• Corresponding author. Tel.: + 1-905-709-4600 ext. 274; fax: 
+ l-905-709-7 153. 

E-mail address: MMo tafa@applanix.com (M.M.R. Mostafa). 

grated discipline today. Part of this development has 
been spurred on by systems capable of acquiring and 
fusing accurate globally referenced data in fully digi­
tal form with short turn-around-time in a co t-effec­
tive fashion. A mobile-mapping multi-sensor system 
is, thus, the product of integrating the concepts of 
kinematic geodesy and digital photogrammetry, to 
acquire, store, and process, measurable quantities 
that sufficiently describe spatial and/or physical 
characteristics of a part of the Earth's surface. 

Various applications in GIS, airborne remote 
sensing, and resource mapping often require data 

0924-2716/01/$ - see front matter ©2001 Elsevier Science B.V. All rights re erved. 
PII: S0924-2716(0 I )00030-2 
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capture in fully digital form, with sufficient accuracy 
and in a cost-effective and fast manner. Therefore, 
integrated digital image acquisition and navigation 
systems have been developed for such applications 
(cf. Cramer et al. , 1997; Mostafa et al., 1997; Toth 
and Grejner-Brzezinska, 1998). Such systems are 
part of a continuing effort which started earlier for 
the development of OPS-aided inertial navigation 
systems in support of geomatics applications [see 
Schwarz et al. ( 1993) for the mathematical model 
and proposed applications, and Abdullah (1997), EI­
Shei rny (1996), Reid et al. (1998), Schwarz (1995), 
Skaloud et al. (1996) and Toth and Grejner-Brze­
zinska (1998) for applications]. 

b-frame yaw$ I 

r~Il~ 

c-frame 

itch 

a b 
E 

2. Direct georeferencing model 

As shown in Fig. I, direct georeferencing of 
digital images can be described by first introducing 
the collinearity concept rearranged for object coordi­
nates as: 

(1 ) 

where ri is the georeferenced 3D vector of coordi­
nates of an arbitrary object point G in the mapping 
frame (M-frame); r~ (t) is the 3D vector of coordi­
nates of the exposure station E, of any imaging 
sensor, at the instant of exposure, in the M-frame; s g 

/ 
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Fig. I. Elements of direct georeferencing (see explanations in text). 
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is a cale factor per point per image for each imaging 
sensor, implicitly derived during the 3D photogram­
metric reconstruction of objects using image stere­
opairs and therefore not explicitly computed in prac­
tice; R~ (t) is a matrix rotating each imaging sensor 
camera frame (c-frame) into the M-frame utilising 
the three photogrammetric rotation angles w, <p and 
K (cf. Moffit and Mikhail, 1980); and r; (t) is the 
3D vector of coordinates of the image point g in the 
c-frame, expressed by: 

(2) 

where x~ and y; are the image coordinates of point 
g corresponding to the object point G; x~P and Yip 

are the principal point offsets from the CCD format 
centre; k is a scale factor accounting for the non­
squareness of the CCD pixels; f is the calibrated 
focal length of the lens in use. 

Since the imaging sensor(s), the GPS antenna, 
and the INS centre do not occupy the same point in 
3D space, Eq. (1) can be modified to include the 

GPS Antenna 

Navigation 
Component 

position and orientation offsets which is expressed 
by the formula: 

ri = (r~S / DGPs(t) + R~(t)a~) 

(3) 

where r~ S/ DGPS (t) is the 3D vector of coordinates 
of the INS centre in the M-frame; R~ (t) is a matrix 
rotating the INS body frame (b-frame) into the M­
frame; a~ is an offset vector between the INS centre 
(b-frame origin) and the imaging sensor exposure 
station E; bb is an offset vector between the INS 
centre and the GPS antenna centre that is measured 
and compensated for during GPS/ INS data post­
processing; R~ is a matrix rotating each imaging 
sensor c-frame into the INS b-frame. 

3. Multi-sensor system configuration 

The configuration shown in Fig. 2 acquires two 
separate streams of data, namely, the navigation and 

Honeywell LRF Ill 
INS 

~ L...+-----------' 

L_ Antenna 
splitter 

Imaging 
Component 

Kodak DCS 420c 

Fig. 2. Hardware configuration. 

Kodak DCS 420c 
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the imaging data. The navigation data is collected 
using a Honeywell LRF III inertial navigation sys­
tem, and an Ashtech ZXII GPS receiver, connected 
to a portable computer for raw data acquisition and 
storage for subsequent post-mission processing. The 
image data i collected by two low-cost Kodak 
DCS420c digital cameras equipped with a 1.5 X 1 K 
CCD chip (9 µ,m pixel resolution). To synchronize 
the INS, GPS, and image data in a common time 
frame, the INS records are stamped in real-time by 
the Ashtech GPS receiver PPS (pulse per second) 
signal, while a Trimble GPS receiver event marker 
pulse is used to store the instant of time when an 
image is captured by one of the cameras. Therefore, 
all the data are synchronized in the GPS time frame 
during data logging. The data acquisition is con­
trolled by a real-time data logging software which 
downloads the GPS /INS /imagery data to the host 
computers, and time tags the imagery and INS records 
by the GPS receiver-derived time pulse. 

4. Geometric design of a multi-camera system 

Several researchers reported on the point position­
ing accuracy achievable from digital imaging sensors 
uch as the three-line CCD sensors (Cramer et al., 

1997), or digital frame cameras (DFCs) (cf. Mostafa 
et al. , 1997). Height determination with the small 
format cameras is poorer by a factor of three to five 
compared to horizontal coordinate accuracy (Schwarz 
et al., 1993; Mostafa et al., 1998). These results were 
confirmed by simulations. Poor height determination 
accuracy is due to the poor quality of the 3D space 
intersection, which can be demonstrated by the inter­
section (parallax) angle -y between individual camera 
exposure stations and an arbitrary single ground 
object, which can be expressed by Eq. (4). 

_ 1 ( wPs( 1 - 0) ( LFOv ) ) y = 2 tan -----cos -- , 
2f 2 

LFov = 0° GP at image centre 

LFOv = 2 tan - 1 ( ] ) GP at image edge 
(4) 

where, w is the image size (in pixels) parallel to 
flight direction; P5 is the pixel size; 0 is the overlap 

percentage between two stereo images; LFov is the 
camera lateral field of view angle; and LP is the 
lateral location of a ground point (GP) in an image. 
Note that -y is mainly a function of w, for the same 
overlap percentage. 

Since positioning accuracy depends on the inter­
section geometry y (which is dependent on image 
size), the theoretical accuracy of height determina­
tion can be derived by standard error propagation 
techniques. This yields: 

(5) 

where, <TzG is the height standard deviation of ground 
object point G; <Tpxl the image measurement preci­
sion; and ZE and ZG the height of the exposure 
station and the ground point G, respectively, in the 
M-frame. 

Note that the effect of image position and orienta­
tion has been neglected in order to separate and 
emphasize the effect of intersection geometry. Fig. 3 
shows <T zG for different intersection angles and dif­
ferent flight altitudes. In Fig. 3, three ranges have 
been identified. They correspond to y < 20°, 20° ~ y 
~ 40°, and -y > 40°. The poorest accuracy is achieved 
in the first range. In the second range, a significant 
accuracy improvement is obvious, while the accu­
racy improvement is minimal in the third range. On 
the other hand, the typical intersection angle for the 
1.5 X I K cameras used in this system ranges from 
3° to 10°. This leads to the lowest theoretical height 
accuracy. Larger format DFCs can provide better 
intersection quality. At the time of system develop­
ment, however, they are more expensive for such a 
low-cost system and their image acquisition data rate 
is much poorer than that of the L .5 X l K cameras. 
Therefore, the imaging component of the system has 
been designed to include two low-cost 1.5 X l K 
digital cameras, one of which is nadir, and the other 
is oblique. This allows for covering the same ground 
scene with a nadir and an oblique image that, when 
simultaneously processed, provides a wider intersec­
tion angle and thus better height accuracy. This 
concept has been validated through computer simula­
tions, which showed that height determination accu­
racy is improved by a factor of 3.5 using such a 
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Fig. 3. Height determination precision as a function of the image ray intersection angle. 

system. Stereo image matching becomes involved in 
this case; see Cochran ( 1995) for a detailed discus­
sion. 

S. System calibration 

The overall system calibration i required to relate 
GPS-derived positions, INS-derived attitude parame­
ters, and imagery-derived object point coordinates. 
Two approaches were followed to calibrate the sys­
tem. Next, each of these approaches is discussed in 
some details. 

5.1. The terrestrial approach 

This approach is implemented in a tatic terres­
trial fashion, where the digital camera and the INS 
are tightly coupled u ing a metal frame, so as to 
ensure a fixed orientation offset (constant boresight), 
which is a key assumption in such an approach. The 
digital cameras are used to acquire a number of 
images to a precisely surveyed target field, from 
which their interior geometry, lens distortions, and, 
for each image, the position of the exposure station 
and the image rotation angle can be determined (for 
details, see Mostafa and Schwarz, 1999). The system 
was set up for 45 min at each station collecting 
inertial data while an image per camera was captured 

to the target field. A total of l 0 stations was occu­
pied by the system. The l 0 images per camera, 
together with 36 other image per camera that were 
captured before attaching the cameras to the frame, 
were introduced to a self-calibrating adjustment soft­
ware (Lichti and Chapman, 1997), together with 
approximate orientation angles for each image, and 
accurate exposure station positions, to re olve for the 
camera interior geometry, lens distortion , and exte­
rior orientation parameters. The extra 36 images per 
camera were captured in a configuration that was 
optimised to strengthen the network for high preci­
sion determination of the camera calibration parame­
ters (cf. Fraser, 1997). 

The inertial measurements were proce sed using 
KINGSPAD in a static mode imposing zero veloci­
ties constraint to avoid system position drifts. The 
calibration procedure was repeated after the test flight 
using the same approach of data acquisition. Table l 
shows the statistics of the orientation offset (bore­
sight) between the INS b-frame and each camera 
c-frame in the pitch and roll angles for both nadir 
and oblique cameras resulting from the pre- and 
post-flight calibration, respectively. Note that the 
changes in the angles are within their estimated 
precision. The azimuth component is, however, of 
poorer quality than that of the pitch and roll. The 
precision of each camera yaw angle is about 40" and 
30" for the pre- and post-flight calibration, while 
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Table I 
INS/camera relative pitch and roll (0) 

Calibration Min. Max. Mean u 
parameter 

INS/ camera relath·e pitch 
Pre-flight INS-Nadir 2.30 2.33 2.3 12 0.009 

INS-Oblique 29.55 29.60 29.570 0.016 
Post-flight INS-Nadir 2.29 2.34 2.305 0.013 

INS-Oblique 29.56 29.59 29.580 0.009 
In-flight INS-Nadir 2.26 2.35 2.308 0.021 

INS-Oblique 29.53 29.76 29.660 0.045 

INS / camera relative roll 
Pre-flight INS-Nadir 3.11 3.15 3.130 0.010 

INS-Oblique - 1.43 - 1.39 - 1.410 0.013 
Po t- flight INS-Nadir 3.12 3.16 3.140 0.011 

INS-Oblique - 1.41 - 1.40 - 1.406 0.009 
In-flight INS-Nadir 3.09 3.20 3.147 0.021 

INS-Oblique - 1.53 - 1.36 - 1.450 0.039 

those of the INS are 2.9' and 3.2', respectively. The 
reason for that can be explained by the Jack of 
horizontal accelerations exposed to the system dur­
ing such static calibration procedure. 

The e timated distortion parameters of the lenses 
used by each camera agreed within their estimated 
precision for both the pre- and post-flight calibration. 
For instance, Fig. 4 shows the radial lens distortion 

'ii, 0 
'ii 
)( 

:§: -2 
C 
0 
:e -4 0 -Ill 

I I I 

------•------ •- -----~ ~------
! I I I 
I I c 

jij -6 -- -- - - ~-- -- -- ~------,----
=s ca 
a: 
ca -8 ... 
~ 

E 

' I 
I 
I 

I I I 
------r------ , ------ , ------ ---

, I I 

I I 
I I I 

~ -10 I I I I ---- - - , ------------- ,---------
... 
=s 
~ -12 

0 200 400 600 800 1000 
Radial Distance (pixels) 

profiles estimated during the pre- (solid lines) and 
post-flight (dashed line ) calibration for the nadir 
camera and the oblique camera, respectively. The 
digital camera calibration results agree with a previ­
ous work reported by Lichti and Chapman (1997) 
and Mills et al. (1996), especially for the nadir 
camera typically equipped with a 28-mm lens. 

5.2. The in-flight approach 

This approach has been used by Abdullah (1997), 
Co andier and Chapman (1995), Mostafa et al. (1997) 
and Reid et al. ( 1998). In the case of the multi-camera 
system presented here, the geometry and imaging 
configuration differ significantly from those pub-
1 ished by the aforementioned authors and, thus, this 
approach was first studied by simulations and, then, 
was verified using the test flight data. The general 
data-flow is shown in Fig. 5. 

Due to the poor space resection geometry pro­
vided by the digital cameras at hand, the ground 
control used in the test flight was spatially dis­
tributed to strengthen the geometry as indicated in a 
nadir and an oblique digital images of the test flight 
shown in Fig. 6. The flight pattern was also designed 
to help reduce the correlation between the interior 
and exterior orientation parameters. The image 

200 400 600 800 1000 
Radial Distance (pixels) 

Fig. 4. Lens distortion profiles of the nadir camera (left) using a 28-mm lens and the oblique camera (right) using a 52-mm lens, for 
pre-flight (solid lines) and post-flight (dashed lines). 
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Fig. 5. The multi-sensor system data-now (in- flight calibration case). 

dataset was first processed using OPS-assisted aero­
triangulation to decorrelate image exposure station 
positions from image attitude angles, for better re­
covery of image attitude angles, to subsequently 
determine each INS/ camera boresight. Table 1 
shows the estimated INS/ camera roll and pitch off­
sets for both cameras. 

5.3. Terrestrial versus in-flight calibration-a com­
parison 

It is obviou that the terre trial approach provides 
a higher precision calibration of the roll and pitch 
component of the orientation offset. However, it is 
the opposite in the heading component. The advan-

Fig. 6. A nadir digital image ( left) and an oblique digital image (right), October 1998 nights. 

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00098

Nearmap US Exhibit 1020 
Nearmap US, Inc. v. Eagle View Techs., Inc. 

IPR2024-00729 
Page 00098



8 M.M.R. Mostafa, K.-P. Schwarz/ ISPRS Jour11a/ of Photogra111111etry & Remote Sensing 56 (2001) 1- 12 

0 
~ 

3.2 -,----------------

3.1 
In-Flight Pre-Flight Post-Flight 

Calibration Procedure 

! • Roll OPitch I 

2.32 

2.31 

2.3 

,..._ 
=ti Cl) ., .. 

'.:!. '.:!. 
- -.. .. 
!:: ·"' i::: 
0 0 
..c: 
<l 0 
i ~ 

-1.4 29.7 

=ti ., 
'.:!. 29.65 
-.. 
!:: 
0 

29.6 ..c: 
~ 
ii: 

-1.45 
In-Flight Pre-Flight Post-Flight 

29.55 

Calibration Procedure 

l • Roll 0Pitchl 

Fig. 7. Boresight roll and pitch components for I S/ nadir (left) and I S/ oblique (right). 

tages of the in-flight approach are: the calibration 
process and the data acquisition process take place in 
the same environment; it cancels INS error devel­
oped over time before photography, especially when 
having horizontal manoeuvres which improve INS­
derived heading precision; and it is much more 
convenient if the system is u ed with different air­
crafts. The drawbacks are: it requires special calibra­
tion field, and the calibration accuracy is dependent 
on the accuracy, density and configuration of the 
GCP calibration field, the sen or geometry (poorer 
results for smaller image ize) and image point mea­
surement precision. 

The advantages of the tenestrial approach are: it 
provide tronger network geometry for aerotriangu­
lation, higher precision target men uration in im­
agery (typically 1/ 20-1 / 50 pixel), and is much 
more controlled than the in-flight approach. The 
drawbacks are: its geometry is different from that 
obtained during aerial image acquisition; it is not 
consistent with the operational environment; the 
INS-derived azimuth is of poorer quality than that 
achieved in airborne case; and any error in equip­
ment installation would result in the loss of calibra­
tion parameters and the calibration would have to be 
repeated. Fig. 7 shows the calibrated boresight roll 
and pitch components for both cameras, while their 
statistics are listed in Table 1. 

6. Multi-sensor system testing in flight 

In October 1998, a te t flight was conducted over 
The University of Calgary (U of C) campus for two 
consecutive days. The campus was chosen because it 

cover an area of about 150 ha where GCPs could be 
easily establi hed and because it has a detailed urban 
character. The hardware configuration described in 
Section 3 is used in this test flight as shown in Fig. 
8. The dual-camera system introduced in Section 4 
was used in these flights because it allows a direct 
comparison between a single-camera system and a 
dual-camera system. The flight altitude was chosen 
at 400-500 m, and the flight pattern was designed to 
cover the entire campus by a block of 50-60% 
endlap and 30-40% sidelap, using repeated west-to­
east flight lines and a single flight per strip in the 
opposite direction. Two cros strip were also flown 
from south to north and vice versa. The flight pattern 
is partially hown in Fig. 9. 

Almost I 00 GCPs were painted all over the cam­
pus. They are needed to provide an independent 
reference to test the overall sy tern performance 
when using the airborne data (GPS, INS, and nadir 

Fig. 8. The multi-sensor system used in the October 1998 test 
nights. 
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Fig. 9. Partial OPS/ INS-derived trajectory of the Calgary test tlight. 

and oblique images) for positioning objects on the 
ground. In addition, the in-flight aerial calibration of 
the entire system, as discus ed in Section 5.2, can be 
tested in this way. Fifty-three percent of the GCPs 
were placed on roads and parking lots, 27% on 
medium-height building rooftop , and 20% on high­
est building rooftops, to end up with a 67-m maxi­
mum elevation above the ground. Thi i to obtain 
large height differences between adjacent points (e.g., 
on the ground and on building rooftop ) to be able to 
calibrate the digital cameras and the entire system 
in-flight, as for example, shown in Fig. 6. All GCPs 
were surveyed u ing GPS utilizing multiple master 
tation . A network adjustment was finally per­

formed to double-check the GPS-fixed baselines. 
The network adjustment yielded GCP coordinate 
preci ion at the level of about 1 cm ( I u) in planime­
try and 2.0 cm ( l u) in height. 

The flight was done with wide turns to avoid 
signal blockage by aircraft banking and, thu , the roll 
angle was typically mailer than 15°. Further, mis­
sion planning wa done to ensure a good un angle 
and good satellite sky distribution. Two ma ter sta­
tions were kept running during the test period. One 
was located close to the airport and was occupied by 
a Trimble 4000 SSI, the other was on the rooftop of 
the engineering building and was occupied by an 
Ashtech Z XII receiver. This resulted in two inde-

pendent GPS trajectorie which, when compared, 
agreed to be better than l O cm, which is typical for a 
2-8-km baseline. These values indicate that each of 
the two independent solution provides sufficiently 
high-precision camera exposure station position. The 
A htech GPS raw data together with the INS mea­
sured specific force and angular velocity raw data 
were processed using the KlNGSPAD software. The 
Kalman filter-derived estimates of the po itioning 
precision are 0.04, 0.05 and 0.09 m, for latitude, 
longitude and height, respectively. For attitude, they 
are 0.0075°, 0.0097° and 0.0152°, for roll, pitch and 
yaw, respectively. 

The GPS / 1 S interpolated pos1t1on and attitude 
angles at each exposure station were used together 
with the imagery to analyse the system performance 
when u ing nadir plus oblique images. After pre­
processing the GPS / INS data to compensate for the 
position and orientation offsets between the naviga­
tion and imaging sensors, the compensated position 
and attitude parameters were used as ob ervable 
exterior orientation parameter (in M-frame) together 
with their standard deviations and the image point 
measurements from the commercial software pack­
age PCI OrthoEngine. 

The resulting GCP coordinates from processing 
stereopairs in direct georeferencing mode, or adjust­
ing strips or block , were compared to the reference 
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Fig. I 0. Positioning accuracy for five stereopairs using nadir images (left) or nadir and oblique images (right). 

values on the ground, to analyse both the direct 
georeferencing approach using stereopairs or GPS/ 
INS-assisted strip or block aerotriangulation. The 
analy is was done as follows: using a stereopair of 
nadir images; using a stereopair of nadir images plus 
an extra oblique image; using a strip of five nadir 
images; using a strip of five nadir images plus extra 
oblique images as available; u ing a block of 3 X 3 
nadir images; and using a block of 3 X 3 nadir 
images and oblique images in addition to cross strips 
in both directions. 

Fig. 10 shows the RMS of the differences be­
tween the GCP coordinates as determined by GPS/ 
INS/ imagery data using direct georeferencing and 
the GCP determined by the land survey, for five 
stereopairs (StPr_ 1 to StPr_5). Each stereopair had 
four to even targeted points. Fig. l O shows the 
re ults when using nadir images (left panel) and 
when using the nadir and oblique images (right 
panel). From Fig. 10, it is clear that the ground 
coordinate determination accuracy is consistent in all 
stereopairs and according to the expectations. The 
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Fig. J I. Positioning accuracy for four strips using nadir (left) and nadir and oblique images (right). 
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Table 2 
Positioning accuracy for nadir and oblique imagery using block 

configuration 

Easting (m) Northing (m) Height (m) 

Max. er RMS Max. er RMS Max. er RMS 

Nadir image block res11/ts 
0.69 0.3 0.31 0. 71 0.3 0.3 1.93 0. 79 0.8 

Nadir and obliq11e and cross strips image block results 
0.54 0.2 0.22 0.61 0.2 0.24 0.86 0.3 0.34 

improvement in accuracy due to incorporating the 
oblique imagery in the processing i minimal in the 
horizontal component while it is major in the height. 
The horizontal accuracy improved by only a factor 
of 1.1. The height accuracy is improved by a factor 
of about 2.3. 

Fig. 11 shows the RMS of the differences be­
tween the ground coordinates as determined by 
GPS /INS / imagery data and the land-surveyed ref­
erence coordinates, for four strips. OPS/INS-as­
sisted strip triangulation is used to determine ground 
point coordinates without the use of ground control. 
The left panel of Fig. 11 shows the accuracy when 
using the nadir images only, while the right panel 
shows the accuracy when using nadir and oblique 
images. The first three strips were collected in the 
first day of flight (October 8th) while the fourth strip 
wa collected in the second flight (October 9th) 
using the ame calibrated parameters of the fir t day. 
It is clear that the absolute accuracy is consistent 
between different days of flight. 

Table 2 show the 3D ground po itioning accu­
racy statistics when processing all the available im­
agery in block mode. 

7. Summary and outlook 

This paper described the development and te ting 
of an integrated airborne imaging/navigation system 
for digital mapping. The major research and develop­
ment component in thi project is the integrated 
system design and software development. The multi­
ple camera ystem developed here can overcome 
some of the inherent geometric limitations of small 

format digital cameras. They are the key to accuracy 
improvement in uch systems. The system perfor­
mance ha been analy ed by comparing the ground 
point po ition using GPS /INS /image data without 
GCP to the land-surveyed coordinates of such point . 
At an average image cale of I : 12,000, the achiev­
able ground point positioning accuracy in the direct 
georeferencing mode using stereopair is 0.5 m in 
planimetry (1 rJ) and 1.6 m in height. Adding one 
extra oblique image to a nadir stereopair improved 
the height accuracy to 0.7 m. Using GPS/INS-aidcd 
single strips of nadir imagery, the ystem accuracy is 
0.4 m in planimetry ( l rJ) and 1.3 m in height. 
Adding the available oblique imagery to those image 
trips resulted in improved height accuracy of 0.6 m. 

Using OPS/INS-aided block triangulation with the 
nadir imagery only resulted in ground positioning 
accuracy of 0.3 m in planimetry (1 rJ) and 0.8 m in 
height. Adding available oblique images to the block 
improved the ground positioning accuracy to 0.2 m 
in planimetry (1 rJ) and 0.3 m in height. 

Replacing the initial one-camera ystem by a 
dual-camera ystem improved the overall accuracy 
by factor of 2.3 when using stereopair processing. 
Using a block of vertical and nadir images and 
longitudinal and cross strips improved the overall 
accuracy by a factor of 4.8. Consistently repeatable 
results were achieved when te ting the system in 
flight over the campus on two different days in 
October 1998. The internal consistency of the system 
is higher than the absolute accuracy with re pect to 
reference ground truth. Since ystem calibration is a 
major contributor to the overall system error, espe­
cially for multi-sensor ystems, two approaches have 
been used, an in-flight approach and a terre trial one. 
In the terrestrial calibration, the environment is very 
well controlled and repeatable, especially for camera 
calibration. It is well suited to study different factors 
affecting sy tern accuracy. In the in-flight calibra­
tion, the separation of error sources become a more 
complex task; yet it yields more accurate boresight 
determination. In-flight and terre trial calibration 
methods have advantages and disadvantages. The 
two different method provide good enough bore­
sight determination for some mapping applications. 
A comparison between the two approache needs 
further tests and detailed discussion, possibly in a 
future paper. 
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The system developed here i at the prototype 
level and, thus, data acquisition wa al o imple­
mented at the prototype level. For example, the 
multi-camera sy tern containing two camera for 
te ting was implemented using two separate laptop 
and a GPS receiver to synchroni e the acquired 
imagery to the GPS time frame. In addition, the 
navigation data wa collected using a different host 
computer with a different GPS receiver. Further, a 
full ine1tial system and GPS receiver were used to 
acquire only the raw data from the IMU and the GPS 
card . Thi ignificantly adds to the sy tern budget 
and reduces system portability. It is, therefore, rec­
ommended to design an industrial computer system 
that can accommodate the necessary board for si­
multaneous navigation and image data acquisition. 
This would greatly improve ystem portability and 
cost. Beside the work presented here, map produc­
tion using the Kodak DCS series has been reported 
(cf. Congalton et al., 1998). However, since these 
cameras are not designed for aerial surveys, the 
long-term stability of their calibration could be prob­
lematic and has to be well studied before using them 
in mapping. 
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