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Abstract: The primary objective of the research presented feto develop high-accuracy
and high-reliability geolocation algorithms andpimtotype a hybrid system based on multi-
sensor integration to improve geolocation of gespdat sensors at munitions and explosives
of concern (MEC) sites. The current methods useBC sites for buried unexploded
ordnance (UXO) detection are extremely expensivé faequently provide unsatisfactory
results, due mainly to the inability of currenttiaology to discriminate between UXO and
non-hazardous items. Consequently, about 90% ofatia¢ cost of MEC site remediation is
on excavating objects that pose no threat. Thigepras expected to provide an improved
geolocation capabilities of a portable geophysio@pping system in open and GPS-
challenged environments, to ensure a better oljectimination from the collected imagery
and, ultimately, to eliminate excavation of nondraous objects.

This geolocation system, currently under develogna¢mhe Ohio State University Satellite

Positioning and Inertial Navigation (SPIN) Labomgtois designed as a tight quadruple-
integration of the Global Positioning System (GPBgrtial Navigation System (INS), a

terrestrial RF system, often called a pseudolite),(Bnd Terrestrial Laser Scanning (TLS).
The key novel aspect of the proposed system iSTti& component, that can provide very
high positioning accuracy in a local frame, andsthtan support GPS/INS/PL-based
navigation to achieve high-accuracy relative positig in impeded environments. This paper
concentrates on the concept design of the hybridlogation system, the algorithmic

approach to sensor integration with a special esiptan TLS integration with GSP/INS/PL,

and the preliminary performance assessment baseinatated data.

1. INTRODUCTION

Evaluation, investigation and remediation of risksd hazards to the general public and
environment related to munitions and explosives cohcern (MEC) and Unexploded
Ordnance (UXO), present at formerly used defens®ss sand active military bases, is of
growing concern to the US Department of DefenseD)D@nd is one of the DoD’s most
pressing environmental problems. MEC and UXO idmation and removal can be
accomplished by means of geophysical mapping wiéhuse of remote sensing equipment.
However, for proper removal or decontamination, db&ual geophysical mapping task must
be accurate and precise, allowing for a correchtiieation of buried objects, to avoid
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unnecessary excavation that is costly and posks tisthe technical staff. Field experience
indicates that often in excess of 90% of objectsagated during MEC site remediation are
found to be non-hazardous items (SERDP, 2005).

In the attempt to address this problem the Strategnvironmental Research and
Development Program (SERDR)f DoD coordinates numerous efforts aimed at dmiab
new and improved technologies to discriminate MIE&nf non-hazardous subsurface items.
According to SERDP, *“using current sensor technelg the best hope for such
discrimination lies in detailed spatial mapping ragnetic or electromagnetic signatures.
Such investigation requires geolocation technobgieat function at two levels. First,
anomalous signals must be coarsely located sotliegttcan be reacquired with a required
absolute accuracy of tens of centimeters. Secatdjledd mapping of signatures requires the
measurement of the locations of individual sensadings to a relative accuracy on the order
of roughly 1 cm. By virtue of topography or vega&iaf many sites are not amenable to
Differential Global Positioning System (DGPS)” (SER, 2005).

There is currently no navigation system able toisBatsuch stringent requirements,
particularly in GPS-challenged environments. Thiitgmn to this problem is increasingly
seen in integration of navigation and imaging tetbgies, including satellite and terrestrial
ranging systems, inertial navigation systems (IN®)nertial measurement units (IMU), laser
scanning systems, and even electro-optical degigel as total stations. Each technique has
its shortcomings, but within an integrated systenivamtage can be taken of the
complementary characteristics of these sensor tdopies. Thus, the goal of the project
described in this paper is to design, implement tstl a high-accuracy hybrid navigation
device that can address the stringent requireneng man-portable geophysical mapping
system, and is able to maintain high relative pamsithg accuracy in impeded environments.

The proposed design of the system is basedjuauruple-integration of GPS, inertial
technology, terrestrial RF system — pseudolite (RIod terrestrial laser scanning (TLS) to
support high-accuracy navigation for a non-contawpping system in a variety of
environments. The proposed design integrates PLGR1 signals together with the INS and
TLS measurements to deliver an optimal hybrid pmsilhg solution in a tight integration
mode using Extended Kalman Filter (EKF) algorithidsiti-sensor integration is mandatory
to ensure accuracy, continuity and integrity of th&vigation solution. The key novel
component of the proposed system is TLS, that cawige high positioning accuracy in a
local frame, and thus can facilitate high-accuraelative positioning in GPS-challenged
environments. To achieve an environment-invariamrfqgmance of the TLS-based
positioning subsystem, easily deployable sphegoalind targets will be used.

! SERDP is the DoD’s environmental science and teldlyy program, planned and executed in full paghigr
with the Department of Energy and the EnvironmeRtaltection Agency, with participation by numerailer
federal and non-federal organizations. To addresshtghest priority issues confronting the Army,viaAir
Force, and Marines, SERDP focuses on cross-semugérements and pursues high-risk/high-payoff tbahs
to the Department's most intractable environmeptablems. The development and application of intivea
environmental technologies support the long-terstanability of DoD’s training and testing rangesveell as
significantly reduce current and future environnaéfigbilities (ttp://www.serdp.org/




easu(\ﬂ% 13th FIG Symposium on Deformation Measurement and Analysis
W %65 4th IAG Symposium on Geodesy for Geotechnical and Structural Engineering
nat

e c
LNEC, LISBON 2008 May 12-15

2.HYBRID NAVIGATION SYSTEM: CONCEPT AND DESIGN ARCHITECTURE
2.1. Sensor and technologies used

In the past decade GPS/INS integration has bearsandard georeferencing tool for a
number of land-based and airborne mapping taskg, (Bbdullah, 1997; EI-Sheimy and
Schwarz, 1999; Grejner-Brzezinska and Toth, 1998&jr@r-Brzezinska, 1999; Grejner-
Brzezinska,, 2001a and b; Grejner-Brzezinska ¢t2805; Mostafa et al., 2000; Skaloud,
2002; Toth, 2002; Toth and Grejner-Brzezinska, 19¥B et al., 2005). However, the
navigation accuracy of such systems degrades yaprdlcase of absence or limited
availability of GPS measurements to calibrate #& lerrors. Thus, alternative sensors such
as PLs, which can take over the role of GPS in aepeenvironments, are needed (e.g.,
LeMaster and Rock, 1999; Dai et al., 2001; Greperezinska and Yi, 2003; Barnes et al.,
2003a, b, and 2005), which can operate as an indep¢ positioning network or in
synchronization with GPS, and imaging (opticalamdr-based) systems deployed in detection
and interrogation modes.

Pseudolites g
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Figure 1 - Configuration of a GPS/PL Figure 2- Configuration of a PL-only
positioning system (Dai et al., 2001). positioning system (Dai et al., 2001).

2.1.1. Pseudolites

The state of the art in PL technology is offered_bgata (e.g., Barnes et al., 2003a and b, and
2005), whose approach is to deploy a network (Laddat) of dual-frequency ground-based
transmitters (Locatalites) that cover a survey avieh strong ranging signals of continuous
coverage (Figures 1-2). These ranging signals rmédnis the license-free 2.4GHz Industry
Scientific and Medical (ISM) band. A Locata receiweses four or more ranging signals to
different LocataLites to compute a high-accuracgifian entirely independent of GPS. The
Locata positioning technology has been designet feoitir key objectives: availability in all
environments, high-reliability, high-accuracy, andst effectiveness. Essentially, Locata
allows complete control over a ground-based PL tetlation, leading to an optimal
positioning geometry and consistent cm-level positig accuracy. An important feature of
the Locata positioning signals is that they areetsgnchronized, which allows single-point
positioning similar to pseudorange-based GPS. Hewewnlike GPS, the sub-cm level of
synchronization between Locatalites allows singléyp positioning with GPS-RTK (real
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time kinematic) level of accuracy without the udeaoreference station and data link. In
addition, Locata signal strength of up to 1 Watnisch higher than the GPS signals, and thus
offers better foliage penetration within the ramjea few to tens of kilometers. It should be
noted that in stand-alone mode, Locata may suften fpoor height accuracy if there is little
variation in elevation angle between the terrelstréansmitters and receivers.

Earlier testing of a GPS/INS/PL system, based enirtkegriNautics IN200 single-frequency

GPS PLs (see, Grejner-Brzezinska and Yi, 2003)catdd that considerable improvement
can be achieved, especially in the height compomenirban scenario with a limited number

of GPS signals. For example, Table 1 shows thedooate RMS difference between two

solutions, (1) where only four high GPS satellitesre observed, and (2) where these four
satellites were augmented by three PLs.

Difference Mean Std Max Min Units
RMSy 1.98 3.22 29.40 0.10 mm
RMSe 2.62 7.81 49.81 | -2.64 mm
RMS, 12.07 | 28.50 198.5 0.33 mm

Table 1 - RMS difference in position coordinatesa®en solutions (1) with four high GPS
satellites and (2), where these satellites are antgd by three PLs.

2.1.2. Terrestrial laser scanning (TLS)

Terrestrial laser scanning offers an alternativérdditional survey techniques. It consists of
automated high speed data capture of complex sgfagperating in often inaccessible
environments. Generally, complex 3D environments aaptured faster with TLS, as
compared to alternative techniques, with the aayuranging from sub-millimeter on small
object scans to 25 mm on objects at distances up 2860 m
(http://www.ceg.ncl.ac.uk/heritage3d/downloads/TiS#ser-Scan.pdf). There are many
possible outputs available from point clouds — mggfrom basic measurements to
orthoimages, through derived 2D/3D drawings, megkurfacing or solid modeling. TLS is
not a replacement for the existing techniques Iualéernative, which can be employed to
complete many surveying tasks, or to augment athereying equipment in more complex
environments. Absolute positioning can be perforragtbmatically with targets attached to
the fixed reference locations. The ranging accuxaries with the object distance and surface
characteristics, but typically sub-cm accuracyaisilg achieved for up to a few tens of meter
ranges. The point density is also dependent oroliject distance; a 100 ptsirdensity is
typical at about 20 m ranges. An added benefitsaigilaser is that it is an active sensor, and
therefore it displays no dependency on ambientiighconditions that may vary significantly
in vegetated areas.

In the concept of a multi-sensor geolocation syspgesented here TLS is used to support
navigation in wooded areas, where GPS may not bdaie, and the PL network may be
subject to increased multipath and partial signatkage. High-accuracy reference surfaces
measured by TLS can be matched to sub-cm accumajetect relative motion of the
platform carrying the sensor assembly. Using aroge least squares 3D surface matching,
complex surfaces can be matched at the level ofrdhging accuracy (see, for example,
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Gruen and Akca, 2005). The accuracy of matchimgaasured in terms of the accuracy of the
relative orientation parameter estimates, inclugingition and attitude data (3+3). To assure
good quality matching results, multiple spherieabets are used within the survey area. The
targets are portable, easily deployable on verpodts or placed on the ground, and provide
surface control to connect the scans performedifgrent platform positions. The range
determined between the center of the target andi¥uSed to find the coordinates of TLS by
resection or partial resection (in 2D), as showrFigure 3. The spherical targets can be
described with four parameters: three coordinatethe center of the sphere and its radius
(known); thus, in theory, a sphere can be deterdhirem three laser points reflected from its
surface. Considering the random ranging errors.enpmints are needed to assure both the
robustness of the estimation and the accuracy dhca matching and estimation of the
centers of the spheres by the least squares adinstnethod.

In the actual application, if a geophysical sigisafletected during the traversing of an MEC
site, the high-resolution/accuracy local survey rhayneeded for cued interrogation. In this
case 6-10 spherical targets are placed aroundatteibof the local area of about a 10-20 m
by 10-20 m (Figure 3). Ideally, a near uniform digition of the targets is desirable, but for
operational purposes, depending on the terrairctsirel and the surrounding environment,
some flexibility of the target distribution is alled (the geometric configuration as well as
the vertical distribution of these targets is cotie subject to a simulation study). It is
important to note that there is no need to positi@ntargets, and the only requirement is that
they should not be moved during the local survey.

The TLS range measurements are best described

@- : :
[ KA in a polar coordinate system centered at TLS, and
vooN L7 the coordinates of a measured point in the
PP S mapping frame can be calculated with Eq. (1).
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Figure 3 - The concept of using TL$he distance from the laser scanner to the target,
ranges for positioning using resectioa is the azimuth, ang3 denotes the vertical
(3D) or partial resection (2D). angle.

2.2. System design, implementation and navigation modes

With the proposed quadruple integration based a@a dedundancy and complementary
characteristics of the sensors included, the furddah positioning concept is solved in a
hierarchical approach, with the three main survayifmtion modes, as follows:



A“eag\)f\“% 13th FIG Symposium on Deformation Measurement and Analysis

S 4th IAG Symposium on Geodesy for Geotechnical and Structural Engineering
C\(\a(\%

e LNEC, LISBON 2008 May 12-15

» Absolute or global solution in open areas, which is achieved primarily usirgSBMU
integration. GPS is the primary source of the ECE¥Z coordinates, while GPS-
calibrated INS provides the attitude angles ofgbephysical sensor.

* Relative medium-range solution under canopies or other obstructions, where the
connection between open areas with good GPS receptid areas with limited or no
GPS will be accomplished with the PL/IMU technologeg., PL will substitute for GPS
signals for medium (a few kilometers) transmitecéiver separation.

* Relative short-range solution, where very high relative navigation accuracy iguiesd,
will be realized by employing TLS technology in ecél reference frame. The laser
scanner is connected to the GPS/IMU/PL system,thusl absolute positioning will be
maintained, albeit with possibly lower accuracyjle/the relative positioning accuracy in
the local frame is expected to be at the cm-level.
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Figure 4 - MEC site survey concept. Figure 5 - Sensor configuration on a
pushcart platform.

The field scenarios and the respective survey quec@s well as the suggested hardware
configuration for the hybrid geolocation (UXO puah} system, are shown in Figures 4-5.
The sensors used in the current prototype implemtient are: (1) dual-frequency GPS
Novatel Superstar Il OEM board, (2) Honeywell teakigrade IMU 1700, (3) Trimble GX
3D TLS, and (4) Locata PL technology. The primaagadtypes used in the integrated EKF
are the GPS and Locata carrier phase and pseu@odaiey, raw gyroscope and accelerometer
data, and range distance plus vertical angle amduéiz measured by the TLS device (these
measurements can be converted to three vector gwnfo in the TLS-centered local
Cartesian coordinate system). At present, the leocatdule is under implementation, so only
GPS/INS/TLS measurements are used, with TLS basethalations only.

3. RELATIVE POSITIONING MODE: CONCEPT AND SIMULATIONS

As already mentioned, GPS/INS integration has bedensively used for imaging sensor

geolocation in the past few years, using the EKéhigacture to achieve optimal navigation

solution under various conditions and varying sedata availability. Several example references
are provided in Section 2.1. In this paper the $osuon using TLS range measurements for
navigation with respect to the last known GPS/INS#Bsolute position coordinates.
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3.1. Use of TLSfor navigation in relative positioning mode: the concept

As explained above, the coordinates of the ceraérthe spherical targets (points A-F in
Figure 3), relative to the TLS coordinate systeam be calculated from the coordinates of the
point cloud on the target’s surface. To simplifg tomputations, a local coordinate system is
introduced, with the origin at site 1 (Figure 3heTspatial relationship between the two
consecutive TLS locations, 1 and 2, with respetatget A, can be described by a rigid body
transformation, including three offsets and thation angles (Eg. (2)).

rb1 I b1 b1l b2
Al_X21+R)2XA2 (2)

Where >'<§’\22 is the translation vector from site 2 to pointrAthe local TLS coordinate system
of site 2, >r<b1 is the translation vector from site 1 to site 2he local TLS coordinate system
of site 1, x . Is the coordinate vector from point 1 to site Athe local TLS coordinate

system of site 1R is the rotation matrix from the local TLS cooralie system of site 2 to
that of site 1. For multiple points, Eq. (.2) candxpressed in a matrix form:

bl _ /bl bly/ b2
XP,l_X2,1+ 2XP,2

3
Where P denotes all common targets measured at sites 12ama Eqg. (3) there are six
unknown parameters the three translation paramelterX21, and three Euler angle

parameters irR’;. To make the calculations more convenient, Eq.ig3ultiplied by the

rotation matrix from TLS coordinate system of ditéo the navigation coordinate systeRj,;
thus the coordinate transformation, expressedemgvigation coordinate system, is given by:

Ry Xps = X5+ RIXE2, (4) and considering thdf = X' + X},
Adding the coordinates of site 1 in the navigafiame to both sides of Eq. (4) gives:
X+ Ry Xp, = X5+ RIXe? (%)
Eq. (5) can be linearized assuming small angufégréinces in the rotation matrix:
X+ RiXey = X5 =X+ (1 - B)RX:, (6)

Wherel is the identity matrixE is the skew-symmetric matrix of the attitude angieor, and
OX, is the coordinate error vector. Rearranging Eg.p{@vides the final positioning and

attitude determination equation that is fed disettl the Kalman filter (Eq. 7). Note that it
contains information that can be used to calibifsitd errors.

X[+ Ry Xpy = X5~ Ry Xp%=—0X 5+ X 5€ 7)

Where¢ is the attitude angle error vector, aKd,’ is the skew-symmetric matrix of the

coordinate vector. Note that the relative accugamyided by Eq. (7) might be high, but the
resulting navigation accuracy depends on the acgushthe position and attitude of site 1,
which is assumed to be determined by the integfa@BS/PL/INS.
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3.2. TLS-based navigation: simulations

Figure 6 illustrates an example of TLS simulatedad@vith 0.5 vertical and horizontal
spatial resolution; TLS location coordinates at5(®. 0.5m)), used to determine the
achievable accuracy of the estimation of centerthefspherical targets from the reflected
point clouds.

Figure 6 - Simulated TLS point cloud on two spherdsal data (left) and with 2 cm noise
added to each coordinate component (right).

Noise X v z P(;rig?n Extracted points .
level [m] [m] [m] (mm) | Sphere 1| Sphere 2 | Other ur(;(t::ss
1.000 3.500 0.200 0.004 148 0 0 97.4%
Omm 3.000 3.000 0.200 0.003 0 119 0 100%
0.999 3.500 0.200 0.282 148 0 0 97.4%
tmm 3.000 3.000 0.200 0.279 0 118 0 99.2%
1.000 3.501 0.202 2.175 128 0 0 84.2%
Smm 3.002 2.999 0.202 2.709 0 107 0 89.9%
0.999 3.499 0.198 2.081 104 0 0 68.4%
lem 2.999 2.996 0.200 3.782 0 90 0 75.6%
1.002 3.499 0.202 2011 84 0 0 55.3%
2em 3.005 2.995 0207 | 10.008 0 68 0 | 57.1%

Table 2 - Least squares estimation of the sphetargket center with varying noise
level on the point cloud: summary statistics.

The results of the least squares estimation ofsgteerical target center, with varying noise

levels on the point cloud, are presented in Tabl&€able 3 shows an example with a partial
occlusion of the spherical targets without noisdeald The results in both tables indicate that
cm-level or better estimation of the spherical éargenter is possible even if the noise on the
original point cloud reaches 2 cm, and the targetspartly (up to 50%) occluded. However,

the success rate, defined as per cent of poinfsegsoidentified on the sphere, decreases with
the increasing data noise. Additional simulatiamsidering varying levels of data noise and
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occlusions, are illustrated in Figures 7 and 8.i¢¢othat even if only a “slice” of the sphere is
visible from behind an occlusion, correct estimatiof its center’s coordinates is still
possible, even if the noise on the coordinateshefreflected points reaches 5 cm, with the
minimum number of observed points equal to 20.

The coordinates of the centers of spheres | position error Extracted points
X y z (mm) Sphere 1 Sphere 2 Success rate
1.000 3.5000 0.200 0.009 70 0 100%
3.000 3.000 0.200 0.030 0 42 100%

Table 3 - Least squares estimation of the sphetacgét center with partial occlusions and no
data noise: summary statistics.

Position error of sphere center derived from points with 5mm noise Position error of sphere center derived from points with 5cm noise
T T T T T T T T T
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Figure 7: Target center coordinate err Figure 8: Target center coordinate err
simulations with varying levels of targesimulations with varying levels of target
occlusions and data noise of 5 mm. occlusions and data noise of 5 cm.

4. CONCLUSIONS

This paper presented a concept design of quadmigigration of GPS/INS/PL and TLS, used
here as a navigation-supporting sensor. The sys&eararrently under implementation, with

GPS/INS modules already implemented in the tigbtiypled mode under an EKF

architecture, PL module under design and implentiemtaand the TLS module implemented
and undergoing extensive simulation testing. Thadimpinary results of the estimation of the

coordinates of the spherical target center, crumiahe concept of TLS-based navigation,
proved to be of good accuracy, even for a relativegh noise on the collected point cloud
coordinates and under partial target occlusionsiooisly, the success rate of identifying the
sphere points decreases with the growing data ndik®e tests and simulations are currently
under way.
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