FINAL REPORT
UXO Navigation Technology

SERDP Project MM-1441

OCTOBER 2008

Dr. John Foley
Robert Mehl

Dr. Nicolas Lhomme
Sky Research, Inc.

This document has been approved for public release.

Strategic Environmental Research and
Development Program




This report was prepared under contract to the Department of Defense Strategic
Environmental Research and Development Program (SERDP). The publication of this
report does not indicate endorsement by the Department of Defense, nor should the
contents be construed as reflecting the official policy or position of the Department of
Defense. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the Department of Defense.



UXO Navigation Technology — SERDP MM-1441
Final Report

REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data
needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to
Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork

Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE
October 2008

3. REPORT TYPE AND DATES COVERED
Final Report, 2007-2008

4. TITLE AND SUBTITLE
“UXO Navigation Technology, Draft Final Report”

5. FUNDING NUMBERS
SERDP MM-1441

6. AUTHOR(S)
Dr. John Foley, Sky Research, Inc.
Robert Mehl, Sky Research, Inc.

Dr. Nicolas Lhomme, Sky Research, Inc.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Sky Research, Inc

445 Dead Indian Memorial Road,

Ashland, OR 97520

PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
SERDP

901 North Stuart Street, Suite 303,

Arlington, VA 22203

10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified/Unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

This report documents the goals, objectives, materials, methods and analysis associated with the SERDP MM-1441
“UXO Navigation Technology” research and development project. Over the 3+ years of the project, three laser-based
positioning systems were evaluated for performance, and technology was developed associated with expanding laser
positioning capabilities for UXO applications. Technologies developed as part of this project will significantly impact the
DoD by facilitating deployment of new and emerging UXO discrimination tools where precise sensor location and
orientation data are required. This project investigated three similar laser-based positioning technologies providing real-
time 3D positional accuracy at the millimeter level. Only one of the systems was integrated with an inertial measurement
unit (IMU) and two systems were integrated with the EM61-HH for hand-held applications. This new technology was
tested and results presented in this report. The new Trimble SPS930 with its low latency and jitter, and 10 Hertz sampling
rate is the instrument that proved to be the most feasible instrument for hand-held and wooded survey deployments.

14. SUBJECT TERMS
Positioning accuracy
UXO discrimination
Navigation systems

15. NUMBER OF PAGES
145

16. PRICE CODE

17. SECURITY 18. SECURITY 19. SECURITY
CLASSIFICATION OF CLASSIFICATION OF CLASSIFICATION OF
REPORT THIS PAGE ABSTRACT

Unclassified Unclassified Unclassified

20. LIMITATION OF ABSTRACT

Unlimited

NSN 7540-01-280-5500

Sky Research, Inc.

1

Standard Form 298 (rev. 2-89)
Prescribed by ANSI Std 239-18

October 2008




UXO Navigation Technology — SERDP MM-1441
Final Report

TABLE OF CONTENTS
TABLE OF CONTENTS ..ottt ettt ettt et ve s e e aa e teenseeaeesseannas il
LIST OF TABLES ...ttt ettt et e et eae e eaeeeaeeanaa v
LIST OF FIGURES. ........ooioeeeeeeeee ettt ettt ettt ve e st eesaesaeessaessesaseseennans %
ACRONYMS ...t ettt et ettt et e e tteete et e eaeeeae et e eaeeereeteeaeeereennas X
EXECUTIVE SUMMARY ..ottt ettt ettt ae e aeebeetaesseenseessesaeennas 1
1. INTRODUCTION. . ..oooiiieeeeee ettt ettt ettt ettt ete et e reeeaeeaseeae s 3
1.1 BACKOIOUNG ....ocooiiiiiieeeeeeee ettt ettt ettt et et e esbeeseeaeesseeneenns 3
1.2, ODJECHIVES. ...ttt ettt ettt ettt et ettt e et e e ereeateeae s 5
1.3, REPOITOULIING ..ottt ettt et et beenseene s 6

2. LASER ASSESSMENT ..ottt ettt 7
2.1, IMALEIIAIS ...ttt ettt et e b e e ae b e ra e reereenaan 7
2.1.1. Leica TPS 1100/Leica TPS 1203 .......ocovioieeeeeeeeeeeteee et 7
2.1.2. ATCSECONG ...ttt ettt ettt et e s e s te e s e easesaeesseesaesseenseeneans 8
2.1.3.  Trimble ATSB00..... ..ottt ettt ettt eae e ereeeaeeanens 8
2.1.4. TrIMBIE SPSO30.......uiiiieee et 9
2.1.5. Platform TEST TIACK .....ooovveieeeeeeeeee ettt e 10
2.1.6. SKky Research Hardware DAS...........oovi i 10
2.1.7. TrimbIe RTKIGPS ...ttt 10
2.1.8. ERDC TSt STANG......ociieeieieeieeieteee ettt sae e 12

2.2.  RTS ASSESSMENT 2005 ......ooi ettt e et a e e e aeees 12
2.2.1. DISTANCE ...ttt ettt ettt e et e b e estesteebeeseesteenseeseenseeneas 12
2.2.2. oo U | - (03 PSPPSR 12
2.2.3. EIEVALION TOST.....iiiiieieceieeeeee ettt b et esaeennas 15
2.2.4. Line Of SIGNT TEST ... .ooiiieiceeeee e 16
2.2.5. DISCUSSION.....c.eieuiieiietieie ettt e et et e et e et e steesbe e st ebeessessaeseessesseesseeseesseensesseanseensas 17

2.3. ERDC Test Stand - 2006...........cceeuierieeiieiieieeeie ettt s 18
2.3.1. TeStING MELNOU..........ooiiieeeeeee e et e e 19
2.3.2. DAta PrOCESSING ......ocveeiieeieiieieeeeeete ettt ettt ettt ettt e e et a e e eaeennas 21
2.3.3. WINEEE 20006 .....ovieiieiieeiieeieeie ettt ettt ettt aeesaesteebe e e staebeessesseesseessesseenns 22
2.3.3.1. INSTFUMENT SETUD ..oeieieeee ettt e et e s 22
2.3.3.2. SEALIC SUMMIATY ..ottt e ere e et e ens 22
2.3.3.3. Dynamic TeSt SUMMANY .......ccooviiiiiieeeceeeeeeee e 22
2.3.3.4. DISCUSSION.....c.uiiteeiieetiete ettt et ete et et ete e e et e ste e beesaessaeseessessaesseensesseenns 22

2.3.4. Fall 2000 ...ttt ettt e eae s 23
2.3.4.1. INSEFUMENT SETUD ..o e 24
2.3.4.2. Static Measurements TeSt RESUILS.........ccveevieceieeieeeeeeeeeeee e 24
2.3.4.3. Dynamic Measurements TeSt ReSUILS ..........coveeviiciiiiiicieeeeceeee 28
2.3.4.4, [T ol U3 [ R P 29

2.4,  Latency and DIther TeST... ...t 30
2.4.1. Leica ASSESSMENT 2007 .........eeeeeecreeeeeeeteeeee et ettt eee e e e e eeaeeereeeeree e 33
24.1.1. Data Reporting Accuracy, Latency and Jitter .........c.ccccoooveeveevevieeeeennn. 33

2.4.2. Trimble ASSESSMENT 2007 ......c.oeeeeeeeeeeeeeeee et e ens 34
24.2.1. Lag and Lead Behavior of the Units ............ccoovvieiieiicicciececeeee 34

Sky Research, Inc. October 2008

i1



UXO Navigation Technology — SERDP MM-1441
Final Report

2.4.2.2. Data Reporting Accuracy, Latency and Jitter ............cccoeovevveeveviveiennnn. 35
2.4.2.3. Inter-Sample Reporting ACCUFACY .......ccoccueeuieeiieieeiieereeeeeieeeie e 37

2.5, DUHSCUSSION......etitietieiietete ettt ettt ettt ettt sttt e st et et et e s be e bt e bt eneeneeneensensenbenseenes 38
3. LASER POSITIONING INTEGRATION WITH HAND-HELD SENSOR ................ 39
B L. IMAEETTAIS ...ttt 39
3.1.1 LEiCa TPS 1203 ... oottt sttt ese et sesbessesaeeneas 39
312 TrimbBIe SPSO30......eoieieeeeee e 39
313, EMBIHH-MEKZ.....ooiiiiieeeeeee ettt et 39
3.1.4. ZIgZAG BOAIA ...ttt 39
3.15. CroSSDOW IIMU ..ottt 39
3.2, IMIBENOAS. ...ttt 40
3.3.  Analysis of Positional Accuracy of LeICARTS ........ccoeviiiieiieieceeeeeeeeeeeee, 40
3.3.1.  Accuracy of Positional Measurements.............cccocveeereeeeeecneeeeeereeereeere e 40
3.3.1.1. THME LALENCY ..ottt et 42
3.3.1.2. Frequency of Positional Errors in RTS Data..........cccccceevveienienieeiene, 45
3.3.1.3. Correction of Latency-Induced Positional Error..............cccooeeveevvenenn. 46
3.3.14. DISCUSSTON. ...ttt ettt ettt st e ae et e e nbe b b 47

3.4. Integration of Inertial Measurement Unit..............cccocoviiiiiiiiiiicieceeeeeeee. 47
3.4.1. Presentation of IMU Data ...........ccoeoiiiieiiieiieiceceeeee e 47
3.4.2. Fusion of IMU and RTS Data.........cccoccveeuieiiiiiieeeeeeeeeeeeeee e 50
3430 AIGONTENMI ..ot 51
3.4.4.  Application to Field Data ..........c..oooeiieiiiiieieceeeeeeeee e 52
3.5, INVErsion OF EM Data ........ccooiiiiiiieieieeceseee et 53
3.5.1. EM Model or INVEISION ........c.ooviiiieeeeeeeee e 53
3.5.2. Survey Speed and EM ANOMAlY ........ccooooiiiiiioieeeieeceeee e 54
3.5.3.  Survey Design for Improved Discrimination: Synthetic Tests....................... 55
3.5.4. Inversion of EM Data with Leica Positioning System ..........c.ccccoevvevieveieenen. 57
3.5.5. Inversion of EM Data with Trimble Laser Positioning System...................... 61
3.6, DISCUSSION........viviiteeteeeeeete et ettt ettt et ettt e et eae et e aeebe e s e erseseeaseeaeennas 65
4. MULTI-GUN LASER POSITIONING SYSTEM.....c.ooooiieeeeeeeeeeeeeeeeeee e 66
.1, MALETIAIS ..ottt ettt ettt ettt et 66
4.1.1. Leica TPS 1203, Trimble ATS600 and SPS930.........cccceeveieieieicieieeeeee 66
4.1.2. ACHONTAIGEt SYSTEIM ..c.oiiviiiiiieeeeeeeeeee ettt 66
4.1.3. Prism Tracker SOTtWATE .........ccooieiiriieeeeeeee e 66
4.2.  Leica 2005 Tests anNd RESUILS ........ccooouieiiieiieieeeeeeee et 67
4.2.1. Controller Software TesSt 2005.........cccooerieieieieieeee e 67
4.2.2. MOVING Target TESL......oieiieieeeeeee ettt 70
4.2.3.  SINGIE SCrEN TS ......iiiieeiiieeeeeeete ettt et 71
4.2.4. DOUDIE SCrEEN TESE ...ttt 72
4.25. AIErnating SCreeN TeST......ccvcoiieieeieieeeeeeeeee ettt 73
4.3.  Leica 2006 Tests and RESUILS ........ccoeieiiieiicieceeeeeeteee et 74
A4.3.1.  SINGIE SCIEEN.....covieiiteeee ettt e te e e ne e 74
4.3.2. DOUDIE SCIEEN ...ttt 76
4.3.3.  AIEINAtiNg SCIEENMS.....cuiiiitieieeeieete ettt ettt ettt aesaeesteebeereebeesaeeseenns 78
4.4. Trimble 2007 Tests and RESUILS...........coveiieieiieiieeeeeeeeeee e 79
441,  Trimble ATS600 RESUILS ......coouieiiiieiieeeeeeeeee et 80
Sky Research, Inc. October 2008

v



UXO Navigation Technology — SERDP MM-1441
Final Report

4.4.1.1. SINGIE SCIBN......oeceeeeeee ettt ens 80
4.4.1.2. DOUDIE SCIEEN ...t 80
4.4.1.3. AIErNAtING SCIEEN ...t 81
4.4.2.  Trimble SPS930 RESUILS .......c.oiuiiiiiiiieeeee e 82
4.4.2.1. SINGIE SCIEBN......oeeeeeeee ettt eae e ens 82
4.4.2.2. DOUDIE SCIEEN ... 83
4.5, DISCUSSION.....c.iuiitiieiiitiriet ettt ettt sttt 84
4.6.  FOrest TeStiNg 2008.........ccuoooiioieeiieieete ettt ettt ettt 86
A4.6. 1. IMELNOGUS. ...ttt ettt 86
4.6.2.  RESUIS ..ottt 87
4.6.3.  DISCUSSION......oouimiiiiriiieiieiirtetei ettt ettt ettt ettt 92
5. LINE OF SIGHT MODELING......cooteiiieteeeee ettt 95
5.1 MEENOUS. ...t 95
5.2, RESUITS ...ttt 96
5.3. DISCUSSION. ...ttt ettt ettt sb et ebe et a e 96
REFERENGCES CITED ...ttt sttt ettt st ae e 98
APPENDIX A ettt ettt et h ettt h bt ettt et e b enees 1
APPENDIX B ...ttt ettt et sttt et e et et e nteeae e teenteeaeebeententeeneeneen 1
B. LEICA FIRMWARE INVESTIGATIONS ..ottt 1
Bl IMBENOUS. ...ttt 1
B2, RESUIES ..o 2
B3, DHSCUSSION. ...ttt ettt b et ettt s et et e e bt e b et e st eb et e e s b nsenis 3
LIST OF TABLES
Table 1. SERDP Statement of Need 05-02 and MM-1441 Project Objectives .........ceevvveruveennennee. 4
Table 2. SUMMATY Of X-Y ACCUTACY ...vvieiiiieiiieeiiieecieeeriteeeiteeeeee e et eeeaeeesbeeessseeesaseesnnaeesnseeens 13
Table 3. Summary of Elevation ACCUTACY ......cc.cetiriiriiiriinieiieneeieetesie ettt 15
Table 4. Fall 2006 Static and dynamic results from the Test Stand. ..........cc.oovveveiieiiiniiienieennns 31
Table 5. Latency and Jitter values for the Trimble ATS600 and SPS930.........ccccoceviinininnenne. 38
Table 6. Test parameters for Trimble SPS930 Single Screen Test........ccvevvvierieiiienieeiienieeiens 72
Table 7. Test parameters for Trimble SPS930 Double Screen Test ..........coceeveeviinieneniicneenennne. 72
Table 8. Results of the Double Screen Test.......ccuevieiiriiriiieriereeiese e 77
Table 9. Percentage of Path Surveyed ..o 89
Table 10. Percentage of Site Seen By Each Gun at Different Northing.............ccccoeevveviiiiiennnn. 93

LIST OF FIGURES

Figure 1. Leica TPS 1203 and 360° pasSIVe PIISITL. .....cecueeeerieerierienieeiinienieenieeeenieesteeresieenaeennens 7
Figure 2. ArcSecond gun with rotating laser and flashing LED array (left) and the laser light

detector which acts as the prism (TIZht). .......oouiiiiiiiiiiiii e 8
Figure 3. The Trimble ATS600 (left) searches and tracks the IR glow from the ring of LED lights
on the active PrisSm (TIZNL). .....coouiiiiiiiiie ettt et st 9
Sky Research, Inc. October 2008



UXO Navigation Technology — SERDP MM-1441
Final Report

Figure 4. The new Trimble SPS930 (left) uses radio modems to send commands and position
data to and from a portable controller while tracking an active prism (right) that has an IR glow

from the ring of LEDs above and below the ring of Mirrors. .........coceveeveeienienenienieneeeeeee 10
Figure 5. Base-station setup used to provide corrections to a rover that operates in RTK mode. 11
Figure 6. RTS measurements in a circular path............cccoocieriiiiiiiniiiiieccece e 13
Figure 7. Distance error versus angle in the circular path test..........cccceevvieeiiieeiiiieecieeeee s 14
Figure 8. Distribution of positional error as measured during circular path test. .........c..cccceenneene. 14
Figure 9. Elevation error as measured on a tilted platform.............ccocvveeviieeiiiiiiieeeeceeeee 15
Figure 10. Line-of-sight test results following four paths in a forested environment with six areas
indicating shadow zones of obstructed line-0f-sight. ..........cccceeviiiiiiiiiiiii e 17
Figure 11. ERDC Test Stand in Vicksburg, MiSSISSIPPI. ....ceevveervierieeiiienieeiienieeieesieeveeseneeneees 18
Figure 12. ERDC Test Stand East/West teSt POSITIONS. .......cccvieeciieeriieeeiieenieeesieeesveeesveeeeveeens 20
Figure 13. ERDC Test Stand North/South test pOSItIONS. .........cccueeriieriierieiiieie e 21
Figure 14. The tiered mount held the ArcSecond detector (top), the GPS antenna (middle) and

Leica prism (bottom) securely to the trolley of the test stand.............cccoeeieeiieniieiieniieieeee. 23
Figure 15. Leica TPS1203 (left) and Trimble ATS (right) stationed to the northwest of the ERDC
Test Stand for [aser aSSESSMENT tESES. .....cueriiriiiriieieriierie ettt st 24

Figure 16. 3-Tiered Plexiglas mounting platform (left) and up close photo of the active prism
(right). Below the reflective glass prism is a ring of LEDs that pulsate making this an active

1028 53 1 4 APPSR 25
Figure 17. Summary statistics for the Fall 2006 Trimble ATS static measurements. .................. 26
Figure 18. Summary statistics for the Fall 2006 Leica TPS1203 static measurements. ............... 27
Figure 19. Summary statistics for the Fall 2006 RTK GPS static measurements. ....................... 28
Figure 20. Error distribution for three positioning technologies in north-south tests of accuracy
during testing at the ERDC Test Stand. ..........ccoouieiiiiiiiiiiieiiecie et 30
Figure 21. Error distribution for three positioning technologies in east-west tests of accuracy
during testing at the ERDC Test Stand. .........ccccooiiiiiiiniiiiiiieceecece e 31

Figure 22. The stepper motor moves the test platform down the 0.83 m track in 11.8 seconds.
The prism attaches to the platform while the DAS collects two platform position data streams

from the microcontroller and the UN. ..........cccoeviiiiiiiiiiici e 32
Figure 23. The actual (blue) and reported (red) positions of the prism for the Leica instrument.
The difference of the position is the latency in the measurements. ...........ccccoeevvevveerieenieecieennnenns 33
Figure 24. A zoomed-in view of the above figure that clearly shows the jitter in the Leica
readings which is responsible for positional errors...........ccvevvieiiieiiieiieeii e 34

Figure 25. As the prism starts or stops to move, there is a lag in the response of the measured
horizontal angle from the gun. This is simply the response time of the gun to responds to prism

TTMOVEITICIIES. ...eeuitteeitieeitte ettt e ettt e ettt e ettt e eab e e e eab e e e abeeeabt e e eabeeeeabbeesabaeeeabeeeabeeensbeeenbbeesabteesabeeenabeeana 35
Figure 26. Lag and jitter of the angular measurement reported by the Trimble ATS600. ........... 36
Figure 27. Lag and jitter of the angular measurement reported by the Trimble SPS930. ............ 36
Figure 28. Interpolating the Trimble SPS930 measurement events onto the true positions
simplifies the latency calculation. ..........c.oooiiiiiiiiiii e 37
Figure 29. True path on fixed-zigzag survey platform. Reference trajectory based on static
TNEASUTEITICTIES. ....eeuutteeitieeiteeetteeeitee ettt e eatteesatteesabteeeatteesateeeaabee e st e e easbeeensbeeeabaeesasbeesabaeesabeeenaseeenas 41
Figure 30. Positional error for the Leica RTS derived from measurements on the fixed zigzag
survey taken for all SPEEAS. ......c.eiiiiiiiieiee e 41
Sky Research, Inc. October 2008

vi



UXO Navigation Technology — SERDP MM-1441
Final Report

Figure 31. Predicted Easting and Northing as a function of time for a medium-speed survey over
the zigzag path of Figure 29. Easting is in blue, Northing in black. Circles are proportional to the
instantaneous speed: points with large speed are anomalous and correspond to problematic RTS
updates. The position of these critical points for the RTS time can be interpolated by assuming
constant velocity: the corrected position is indicated by red dots (Easting) and green dots
(INOTERINE). ©veeeeiieeiie ettt et e et e e et e e e s et e e e aaeeesbaeessaaeessseeesssaesssaaessssaeasseeesnseeesnseeens 42
Figure 32. Same survey and symbols as previous figure (medium speed). Green dashed line
indicates reference path. Measurements with erroneous time-position relationship (large circles)
do not stand out of easting-northing trajectory, which suggests that positions are legitimate

whereas recorded times are INAAEQUALE. .........cccuveeeiiieeeiiiecie et e e ae e eeaeeeraeeeneees 43
Figure 33. Easting and Northing as a function of time for a “fast” survey over a fixed zigzag. .. 44
Figure 34. Typical example of update rate for Leica TPS1200. ........cccceeovieriiiieniieeniieeeiee e 45
Figure 35. Frequency of errors larger than 5 mm for slow survey (left), medium-speed survey

(center) and fast SUTVEY (TIZNE).......eiiiiiieiie e et sbe e e saee e 46
Figure 36. Frequency of timing errors larger than 0.05 s for all surveys. ......cccoceeverienienennene. 46
Figure 37. Hand-held sensor design: Geonics EM61HH-MK?2 mounted with prism and Crossbow
IMU. The sensor is here shown on the fixed zigzag SUIVEY. ......c.ccvveviiieriieiiieiieeieee e, 48
Figure 38. Example of IMU data (first three columns from left) and RTS data as a function of

time (s): high frequency noise and large spikes (data for a slow-speed survey). .........cccceeeueeneee. 49

Figure 39. Filtering IMU attitude information: raw data (blue) and filtered data (red) using a 9-
point median filter for roll, pitch and yaw, and 11 points for the direction of travel (a.k.a.
241001011 1) RS UPSRPPRR 50
Figure 40. Synthetic path for a zigzag-type survey. Top panel: path and stations (dots). Low
panel: roll and elevation when swinging the sensor from side to side in a survey. This survey
mode is applied for the simulation of EM data in a later section. ..........cccceeceeveevierienennenienene 51
Figure 41. Synthetic test of integrating RTS and IMU data. RTS positions are assumed to be
observed every second (RTS,ps) and predicted at the IMU update rate of 0.1 s (RTSyeqat 1's
using IMU, RTSped(Timu) at 0.1 s interval using IMU). Horizontal axes: Time (s). Vertical axes:
Northing, Easting and Depth (1m)..........cooiiiiiiiiiii e 52
Figure 42. Geometry of EM61HH-MK2 sensor. The transmitter and receiver coils are not
collocated; therefore it is critical to know the attitude of the sensor to accurately predict the

primary field and the recorded scattered field. ...........ccccveriieiiiiiiiiiiiece e 54
Figure 43. Amplitude of measured EM signal for surveys at slow, medium and fast pace over the
SAIMIE ODJECT. . uvietiieiiieiiieeteeette et estteeteestteeteestaeesseessseessaeesseesseessseensaeesseesseeasseenssesnseensseasseensaensseans 55

Figure 44. Results from inversion of synthetic data. Top panels: Difference between true and
predicted position of target for different qualities of surveys. Bottom panels: Recovered first and
second components of the polarization tensor at first time channel. The true value is 0.5 for each.
....................................................................................................................................................... 56
Figure 45. Predicted depth. True value is 10 CM. .....c.cooiiiiiiiiiiiiiieeeeee e 57
Figure 46. Inversion result for uncorrected positions. In the upper left window, the positions
obtained from the RTS do not correspond to the physical spatial decay of the observed EM
signal. Using those positions for the inversion, the dipole model fails to accurately predict the
unphysical EM signal. In the upper panels, fiducial corresponds to the sequential data point
number, while the ordinates are the detrended and drift-corrected data for the first time channel
(the EM-61 sensor measures a relative amplitude that needs to be calibrated and drift-corrected
so that background signal is close to Zero in free SPACE). ...cccveerurieciieriieiieiieeieeeie e 58

Sky Research, Inc. October 2008
vii



UXO Navigation Technology — SERDP MM-1441
Final Report

Figure 47. Inversion above 37-mm projectile, static survey mode. True depth is 8§ cm, predicted
depth is 22 cm. Despite a successful fit, the inversion fails because the station spacing is too
large to provide a strong constraint on the depth of the object. Same legend as Figure 46.......... 59
Figure 48. Inversion for slow survey mode. Here the predicted depth is 6 cm, observed is 8 cm.
The inversion is successful because the slow survey allowed a high sampling rate along lines.
Same 1e@end as FIGUIE 46. .......cocuviiiiiiieiie ettt et e e e et e e e taeesnsaeesnaaeeenseeennnes 59
Figure 49. Inversion for medium speed. Here the result starts degrading (12 cm instead of 8 cm),
because a faster survey mode effectively increases the spatial sampling rate. Same legend as
FIGUIE 40. ..ottt ettt et e et e et e e b e e ate e abe e teeeabe e teeeateeenbeenbeeenbeentaas 60
Figure 50. Inversion result for fast survey. Inversion fails, the spatial sampling is too coarse and
the amplitude of the anomaly is not captured because of the dynamic mode acquisition, therefore
the recorded amplitude of the anomaly is reduced and the polarization parameters derived from
the inversion are invalid. Same legend as Figure 46. ..........cccccoeviieriiiiieniieniiecie e 60
Figure 51. Results for all inversions. Colored circles indicate the survey mode: blue for static,
black for slow, green for medium and red for fast. Radius of circle is proportional to amplitude

of L2(t1). Targets that are predicted too deep have too large polarization (L1 or L2)................. 61
Figure 52. Zigzag guide for tests with Trimble unit. ............ccccoeviiiiiieiiiiiieecee e, 62
Figure 53. Inversion result for all field data collected with the Trimble system................c......... 63
Figure 54. Inversion result for a steel ball at 0.15 m depth, effectively 0.30 m below the sensor.
Although the fit is successful, the recovered depth is exaggerated by 0.06 m. .............ccceeeenneen. 64
Figure 55. Inversion result for a steel ball at 0.45 m below the sensor. The fit is successful but the
recovered depth is exaggerated by 0.04 M. ........c.coooiiiriiieeiiieeeeee e 64
Figure 56. Prism Tracker software display gun information and positions gun to future prism
location using information from another QUN. ..........cccceeiiiieiiii e 67
Figure 57. The RTS unit tracks the prism unit obscured by an obstruction. .........c..cccceevveeuennnene. 68
Figure 58. The prism is blocked by the plywood obstruction............cceeecveeerieeenieeeriie e 69
Figure 59. The RTS unit regains lock on the prism...........cccoceevuirieniininiinienieeicnecreeceeeeeee 69
Figure 60. Schematic layout of the moving target test. Two tracking guns were positioned on
either side of a test line. Line-of-sight is blocked by screens placed adjacent to the track. ......... 70
Figure 61. Equipment layout for the LOS tests conducted for performance assessment of the
multi-gun positioning tEChNOLOZY. ....c..eeiuiiiiiiiiieie e 71
Figure 62. These three images illustrate the equipment setup for the Single Screen (top), Double
Screen (middle) and Alternating Screen (Dottom) testS. ........eeveeeiiieriieriiieiieeieeee e 74

Figure 63. Relock distances for the single screen test reveals as the survey speed increase the
relock distance and failure to relock rate increase. The red and blue points show the internal

algorithm of the gun relocking on the prism shortly after the prism becomes visible.................. 76
Figure 64. The relock distances for the double screen test. Three point clusters are evident and
make up the 4 categories Of TESUILS. ......cciiiiiiiiieiecie ettt e 78

Figure 65. Relock distance for the alternating screen tests. There are two distinct grouping of
points. The first grouping is where the gun uses the built-in prediction method to relock. The

second group is where the gun uses the system’s prediction to relock onto the prism................. 79
Figure 66. Results of Trimble ATS600 single SCreen test. .......cccvvevieriierieeriienieeieeeieeieesve e 80
Figure 67. Results of Trimble ATS600 double screen test. ..........ccevveereereeiienieneniienicneeieneene 81
Figure 68. Results of Trimble ATS600 alternating SCreen test...........ccverveereerieeneerreerreenveennnn 82
Figure 69. Results of Trimble SPS930 single screen test. ........cocevervirienierienienenieniereeeenene 83
Figure 70. Results of Trimble SPS930 double Screen test.........covevviereerieeriienieeieeeie e 84
Sky Research, Inc. October 2008

viil



UXO Navigation Technology — SERDP MM-1441
Final Report

Figure 71. The results from the first survey with the shadow zones as calculated from the LOS

INOAEL .ttt ettt ettt ettt sb et st sa et et 88
Figure 72. The results from the second survey with the shadow zones as calculated from the LOS
INOAEL .ttt ettt et et b et b et st a et et 90
Figure 73. The results from the third survey with the shadow zones as calculated from the LOS
INOAEL .ttt et b ettt b ettt a e ettt et 91
Figure 74. The results from the fourth survey with the shadow zones as calculated from the LOS
INOAEL .ttt ettt ettt b et h et st b ettt 92
Figure 75. Tree density at the Kerby site. The ideal tree density should be no more than 6
EEEES/2S TI1%. .e.vvoveoeeeeeeeeeeeeeeee s e e ee e e e e e 94
Figure 76. Results from the LOS model showing the predicted gun state for a 5 second relock
time, 3 second lose lock time and a 0.5 m/s prism spPeed. ........ccccueeeriieeiiieeiiie e 96

Figure 77. The percentage of the site where the gun is in relock mode with varying survey speeds
and relock times. As the relock time increases, the percentage of the survey site in relock mode
TTICTEASES . 1. teuteeuteettente et ettt et et e bt et eh e s bt et eat e bt e st e at e e bt et e ehteshe et e eatesbe et e en b e eh e e be et e ebe et e et e b eanes 97

Sky Research, Inc. October 2008
1X



UXO Navigation Technology — SERDP MM-1441

Final Report

us
3D

cm
DAS
DoD
EDM
EM
EMI
EOD
ERDC
ESTCP
FPGA
GHz
GNSS
GPS
GUI
HH

IMU
IR
km
LED
LOS
m

mg
mgon
MHz
mm
ms
m/s
ppm
RMS
RPC
RTK GPS
RTS

S
SERDP
SON
SPEC
UHF
UXO

ACRONYMS

microsecond(s)

three-dimensional

centimeter(s)

Data Acquisition System
Department of Defense

Electronic Distance Measurement
Electromagnetic

Electromagnetic Induction
Explosive Ordnance Disposal
Engineer Research and Development Center
Environmental Security Technology Certification Program
Field Programmable Gate Array
Gigahertz

Global Navigation Satellite System
Global Positioning System
Graphical User Interface
EM61HH-MK2

Hertz

Inertial Measurement Unit

Infrared

kilometer(s)

Light Emitting Diodes

Line of Sight

meter(s)

milligravity

milligon

Megahertz

millimeter(s)

millisecond(s)

meter(s) per second

parts per million

Root Mean Square

Remote Procedure Calls

Real Time Kinematic Global Positioning System
Robotic Total Station

second(s)

Strategic Environmental Research and Development Program

Statement of Need

Stratton Park Engineering Company Inc.
Ultra High Frequency

Unexploded Ordnance

Sky Research, Inc.

October 2008



UXO Navigation Technology — SERDP MM-1441
Final Report

EXECUTIVE SUMMARY

This report describes the research conducted under Strategic Environmental Research and
Development Program (SERDP) project MM-1441 titled “UXO Navigation Technology”. The
main objective of this research project was to explore different laser-based positioning
technologies and evaluate their performance when applied to hand-held technology integration
and limited line-of-sight environment surveying. Laser positioning systems have been in use by
land surveyors for many years. Geophysical surveying has used the systems in limited capacities,
which include surveying near wooded boundaries, buildings, along cleared wooded path with a
heavy canopy or other areas where GPS does not work effectively. Laser-based positioning
technology has a positional accuracy in the millimeter range and a small spherical error, both of
which provide the positional accuracy needed for anomaly parameter recovery through inversion
techniques.

Several different systems by two different manufacturers (Leica and Trimble) were tested. As the
project evolved it became clear that the Leica TPS1200 system could not provide a positioning
solution at either the speed or with the timing consistency as the newer Trimble SPS930 unit.
The Trimble was a superior instrument for the following reasons:

1 Latency and dither: The Trimble SPS930 has a small dither (4 ms) that makes correcting the
timestamp of the positions a simple calculation.

2 Faster update rate; The SPS930 has a 10 Hz sample rate with a possibility of 20 Hz in the
future.

3 Active Prism: The flashing LED of the prism provides a glow that the gun identifies and
tracks even when multiple prisms are in use. Also the LED provides a glow that the gun uses
to locate the prism after the line-of-sight has been interrupted.

4 Firmware Stability: The firmware of the SPS930 was more stable and reliable when
compared to the firmware of the TPS1200. However, some glitches were noticed during the
wooded tests. The SPS930 is a new instrument so some glitches are expected.

For hand-held sensor integration the dither and sample rate are the key points. Sensor integration
tests with the Leica system did not provide the necessary positional data quality needed for
successful inversion. The Trimble provided the necessary positional quality for the reliable
inversion of geophysical sensor data, making it the instrument of choice for sensor integration.

Wooded environments contain many obstructions for line-of-sight laser positioning methods.
One potential solution is to deploy multiple guns with the expectation that more of the site will
be visible from two gun positions. Deploying a multi-gun system requires software to monitor
gun status and send instructions to the guns to establish lock when prism lock is lost. Both Leica
and Trimble provide system monitoring and instruction commands to control gun operations. A
man-machine interface called PrismTracker was developed to monitor and control gun
operations. PrismTracker monitored gun status and when the gun lost prism lock, the software
used prism location data from the locked gun to point and reestablish lock on the unlocked gun.

Successfully surveying in a wooded environment is difficult as there are many issues to consider
including tree density, placement, cross sectional area, gun placement, survey speed, and stop
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points. At tree densities of less than 6 trees per 5 m by 5 m (25 m* or 2400 trees per hectare),
dual-laser guns appear to provide sufficient coverage as long as the guns are placed intelligently.
When the tree density exceeded the limit cited above there were multiple problems with the
prism tracking. Firstly, the prism would be obscured from one, or both guns, for large portions of
the site. When one gun was tracking the prism, it would instruct the other gun to point to the
prism. The second problem was encountered when this location was in another shadow area as
the software would have to point the gun again. In theory, if the software had an idea of where
the shadows were it could intelligently point the gun to a non-obscured position.

In conclusion, the Trimble SCS930 provides an extremely accurate and reliable positioning
sensor suitable for deployment in open and wooded areas with tree densities less than 6 trees per
25 m®. Above this density, accurate positions can only be obtained over a small fraction of the
site. Therefore, we conclude that laser systems are a partial, but not complete, solution for
surveying in wooded areas.
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1. INTRODUCTION

This report documents the goals, objectives, materials, methods and analyses associated with the
SERDP MM-1441 “UXO Navigation Technology” research and development project.

1.1. Background

Technologies developed as part of this project will positively influence the Department of
Defense (DoD) by facilitating deployment of new and emerging UXO discrimination tools where
precise sensor location and orientation data are required. Data requirements for positioning
accuracy for UXO discrimination were defined by the Strategic Environmental Research and
Development Program (SERDP) and Environmental Security Technology Certification Program
(ESTCP) during the SERDP Electromagnetic Induction (EMI) Workshop held in Annapolis,
Maryland in Februa