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Executive Summary

This document reports on a comprehensve look a the data collected by the GPSVan (OSU,
Center for Mapping) in western Montana in April and June of 2005. The data consst of inertid
measurement unit (IMU) data, extracted from high-accuracy inertid navigation systems, and
differentid GPS data that are combined to estimate the (3-D) gravity vector aong the roadways
traveled by the vehicle. The key to the evaduation of these tests and to their deemed success was
the repested runs of the traverses, rather than the exiging control data in the region. The fairly
dense network of gravity data provided only some overdl corroboration of the accuracy in the
verticd components of the edimates. The deflection of the vertical (DOV) data and other
independent sources of computed DOV’s provided bardy some long-wavelength confirmation of
our edimates, while the repeatability of the traverses verified fine detall in the recovered
horizonta components. However, this precison was not condstent and large errors reman in
the horizonta components. The sngle largest detriment to our estimates was the inaccuracy in
the kinematic GPS positioning solution. Due to road overpasses and other obstructions, the GPS
solution was often degraded sgnificantly due to the inability to solve for the cyde ambiguity.
This had a direct and demondrable effect on the gravity edtimation. When dl sysems were
working a pesk performance, we showed better than mgd repeatability in the down component
of the gravity disturbance and standard deviation of 2-3 mgd with respect to the interpolated
control data No attempt was made in this firs analyss to solve for biases and linear trends, nor
to teke advantage of the multiple traverses to arive a find adong-track gravity disturbance
edimates. Three essentid conclusons were obtained from our anadysis 1) GPS solutions must
be improved, eg., usng INS to help recover the cycle ambiguity after a GPS outage, 2) more
direct, dong-track control data are necessary, particularly in the horizontal components, to obtain
a meaningful assessment of the vector gravimetry capability of the system; and 3) an operationa
system would dearly benefit from redundancy in ingrumentation in order to imitate and take
advantage of multiple traverses along each surveyed road.

The first chapter summarizes the ingrument setup, the survey routes, the data collected, and the
control data available. The second chapter briefly reviews the techniques used to obtain the
gravity vector edimates, reying heavily on previous publications and reports.  Results of
applying these techniques to the data are shown in Chapter 3; followed by the concluding chapter
with comments and analyses, and an outlook toward further data processing.



1. Instrumentation and Data Collection

11 Instrument Setup and Survey Routes

The survey vehicle is a GMC Suburban modified for GIS-type surveys (2 GPS antennas mounted
on the roof, camera mounts avalable, and the interior is outfitted with a secure insrument
platform and battery-driven power supplies). This vehicle, known as the GPSVan, bedongs to
OSU’'s Center for Mapping and was kindly provided to conduct the gravity survey tests. Figure
1 shows the GPSVan and the interior suite of IMU and GPS indrument, looking aft. Table 1
ligs in more detail the types of indruments used during the mobile gravity surveys in Montana
It should be noted that only the high-accuracy IMU’'s contained in the inetid navigation
sysems H764G and LN100, were andyzed for the gravity estimation in this report. Data from
the HG1700 and LN200, may aso yidd some useful results, but these have not yet been

andyzed. Daa from the Crossbow 400CC ae not of sufficient quaity to atempt gravity
edimation.

GPS antenna ‘

Figure 1. GPSVan (left) and interior .suite of computers and IMU’s (only the
indicated IMU’ s were used in the analyses of this report).



Table 1. Details of insrumentation used on Montana Surveys

Type M odel Name Manufacturer | utilization

INS H764G H764G1 | Honeywell IMU data and nav solution
INS H764G H764G2 | Honeywell IMU data and nav solution
INS LN100 LN100 Litton IMU data and nav solution
IMU HG1700 -- Honeywdl not used in data analys's
IMU LN200 -- Litton not used in data andlys's
IMU 400CC -- Cross Bow not used in data andys's
GPSreceiver | OEM4 NovAtdl | Novatd rover

GPSreceiver | OEM4 NovAtd2 | Novatd rover spare

GPSrecever | OEM4 NovAte3 | Novatel rover

GPSreceiver | 5700 Trimblel | Trimble rover spare

GPSrecever | 5700 Trimble2 | Trimble rover

GPSreceiver | 5700 Trimble3 | Trimble rover spare

GPSreceiver | 5700 Trimbled | Trimble rover spare

GPSreceiver | 4000ssi Trimble5 | Trimble rover time synchronization
GPSreceiver | Legacy-E Topconl | Topcon rover

GPSreceiver | Legacy-E Topcon2 | Topcon base station

GPSreceiver | Ashtechz12 | Ashtechl | Ashtech base gtation (NGA)
GPSrecever | Ashtechz12 | Ashtech? | Ashtech base station (NGA)
GPSreceiver | Adtechz12 | Ashtech3 | Ashtech base station (NGA)
GPSreceiver | Ashtechz12 | Ashtechd | Ashtech base gation (NGA)

Figure 2 shows the routes traveled by the GPSVan in western Montana. A prdiminary trid
run was made on 28 April 2005 along interstate route 1-90 between Butte and Missoula, MT.
More extensve surveys were conducted on 13-15 June 2005, extending over some mountain
passes and through mgor vdleys, and passng by previoudy surveyed deflection of the verticd
(DOV) points. In dl cases, the vehicle essentidly remained on well-paved roads (with a few
smal excursons to the actua DOV points). The planned vehicle sorties were desgned to test
continuous, as well as sop-and-go travel. Passing by or occupying DOV points, besdes
providng some locd control, would dso endble tesing of waypoint dengfication aong
connecting routes. Vehicle speed was at or below posted limits.  All roads were surveyed at least
twice, with the F90 segment traversed a totd of four times, with one additional sub-segment. In
addition to the permanently established NGS CORS dation a Missoula, a number of GPS base
dations were set up temporarily along the roads to support (post-misson) differentid GPS

positioning.
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Figure 2: Routes traveled by GPSVan in Montana
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Figure 3 shows points were gravity and DOV daa were obtaned previoudy and
independently by the Naiond Geospatid-Intdligence Agency (and other agencies) with
gravimeters and astrometric insruments (astrolabe and theodolite). Few if any of these points
are directly on the roads traversed by the GPSVan; however, it is expected that those points
within a few tens of meters of the road can be used as cdibration and comparison points without
concern for modd/interpolation eror (only observation eror). In addition, the Nationd
Geodetic Survey (NGS) produced a 1" 1' DOV grid derived from a nationd geoid modd
(GEOID99; Smith and Roman, 2001). This DEFLEC99 modd was computed using a two-step
procedure. Slopes of GEOID99 (i.e, deflections of the verticd a the geoid) were determined
using bicubic spline fits to the geoid; and, subsequently, these were corrected for the curvature of
the plumb line based on smple Bouguer gravity anomdies to yidd DOV’s a the Earth’'s surface.
Table 2 summarizes these control data.

1.2  DataCollection on 28 April 2005

Table 3 synopsizes the GPS data collected on 28 April 2005 aong the test route 1-90 in Montana
There are two tracks in this data set; the first begins in Butte and ends near Missoula to the west;
the other follows in reverse (but, of course, on the other sde of the divided highway), darting in
Missoula and ending in Butte. We used the MSOL Continuoudy Operating Reference Station
(CORS), being the closest GPS base dation for this test, to perform differentid GPS (DGPS)
processing.
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Table 2: Summary of control data

Data Type number/resolution | accuracy (est)
Abs. gravity 31 0.01 mga (est)
DOV (astro-geodetic) | 39 0.1 arcsec (est)
gravity anomaly 6496 1 mgd (es)
DOV (DEFLEC99) 1" 1 unknown

Table 3: Rover GPS receiver summary for 28 April 2005. Datarate=1Hz. All timesarein
GPS time (epoch and second of GPS week).

Receiver Segment Start Time End Time DataFile
NovAte 1l 190 (Butte-Missoula-Butte) 2005 04 28 2005 04 28 | 00071180.050
170255 22 14 07
(406975) (425647)
NovAte2 190 (Butte-Missoula- Buite) 2005 04 28 2005 04 28 | 00061180.050
170314 221420
(406994) (425660)
Trimblel 190 (Butte-Missoula- Butte) 2005 4 28 2005 4 28 39721180.050
17 22 45 22 14 45
(408165) (425685)

Table 4 summarizes the high-end IMU data collected during these two tacks. Unfortunatdly,
H764G2 began to record data only after the vehicle had left Butte, while H764G1 started only




after leaving Missoula.  This means that these data could not be used directly since they were not
preceded by a period of daionary initial dignment (doing a trander dignment from the other
IMU is a posshility that was not explored, snce we have sufficient other data for the present
andyss). As a reault, only four GPSINS combinations were used to estimate the gravity vector:
NovAtel2-H764G1, NovAte2-LN100 for the westward run and NovAte2-H764G2, NovAte 2-
LN200 for the eastward run.

Table 4: Summary of INS data for 28 April 2005 survey. Data rate = 256 Hz. All times are in

GPS time (epoch and second of GPS week).

INS Segments Start Time End Time DataFile
H764G1  |190 (ButteMissoula) 2005 04 28 2005 04 28 GV0428 1.SAV
172813 193711
(408493) (416231)
190 (Missoula-Buitte) 2005 04 28 2005 04 28 GM0428_1.SAV
2004 53 220158
(417893) (424918)
H764G2  |190 (Butte-Missoula) 2005 04 28 2005 04 28 GM0428_2.5AV
173135 193857
(408695) (416337)
190 (Missoula-Buitte) 2005 04 28 2005 04 28 GV0428 2.5AV
2001 23 220241
(417683) (424961)
LN100 190 (Butte-Missoula) 2005 04 28 2005 04 28 LN1000428 1.BIN
171127 1936 17
(407487) (416177)
190 (Missoula-Buitte) 2005 04 28 2005 04 28 LN1000428 2.BIN
201134 22 0357
(418294) (425037)

1.3 Data Collection on 13 June 2005

Similar summaries of GPS (base dations and rover) and INS data collections for the 13 June
2005 survey are listed in Tables 5, 6, and 7, respectively, with a graphica comparison shown in
Figure 4 of the time spans for most of the indruments.  The vehicle was driven essentialy non
gdop from Butte to Drummond dong 1-90, with a turn southward on Route 1, and ending in
Anaconda. A subsequent traverse of this loop was conducted with occasond stops aong the
way to re-initidize the INS. INS H764G1 faled to record data during most of this day’s
traverses;, and the data from H764G2 over the 190 segment on the fird traverse were
inadvertently log.

With Trimble Geomatics Office (TGO), we used data from CORS base gations MSOL and
IDNP (in ldaho) to compute the coordinates of the temporary base stations set up by our survey
crew (NGA personnd, see Acknowledgments). The 8 GPS base dations and 4 roving receivers
yidd a tota of 32 different DGPS solutions. However, note that the observation time spans of



the base gtations and the roving receivers are not al the same; and, we consdered only a subset

of combinations for the two runs of the Route 1 (SR1) segment (see Section 3.1).

Table 5: Summary of GPS Base Stations set up on 13 June 2005. All timesarein GPStime.

997.103 m

Station Name [Lat/Lon/Ht (WGS84) Begin Time |[End Time  |FileName

BUTTE 45°57'59.96768"N 2005 06 13 200506 13 |BUTT1641.050
112°30'48.30209"'W 12 58 15 1952 27
1663.225m

FLNT1 46°2354.01455"N 2005 06 13 200506 13 |FLNT1641.050
113°1827.06106"W 152304 16 4 59
1518.158 m

FLNT2 46°2354.00591"'N 2005 06 13 200506 13 |FLNT1642.050
113°1827.06384"W 17801 18 07 59
1518.018 m

TPCN2 46°10'07.25022"N 2005 06 13 2005 06 13 |2739164Q.050
113°09'30.92281"W 16 1514 21 06 57
1835.858 m

TPCN2 46°10'07.25299"N 2005 06 13 200506 13 |2739164V.050
113°09'30.91968"W 21106 222315
1835.017 m

DEER 46°24'20.30241"'N 2005 06 13 2005 06 13 |DEER1641.050
112°44'07.90459"W 1506 32 214515
1363.709 m

RES1 46°35'07.40556"N 2005 06 13 200506 13 |RES11641.050
112°54'25.51021"W 1552 33 2252 17
1267.839 m

MSOL 46°55'45.83984"N 2005 06 13 200506 13 |MSOL 1640.050
114°06'31.88621"W 0000 00 235959
958.450 m

IDNP 45°56'22.93598"N 2005 06 13 200506 13 |IDNP1640.050
116°07'16.53030"W 0000 00 235959




Table 6: Rover GPS receiver summary for 13 June 2005. Datarate=1Hz. All timesarein

GPStime.

Rover Name [Segments Start Time End Time Data File

NovAtd1l 190 (Butte- Drummond) 2005 06 13 200506 13  [00071640.050
SR1 (Drummond-Anaconda)  |1528 11 19 24 39
190 (Butte- Drummond)* 2005 06 13 200506 14 [00071641.050
SR1 (Drummond-Anaconda)* |19 25 17 013351

NovAtd3 190 (Butte- Drummond) 2005 06 13 200506 13  |00161642.050
SR1 (Drummond-Anaconda)  |1528 15 19 24 35
190 (Butte- Drummond)* 2005 06 13 200506 14 |00161643.050
SR1 (Drummond-Anaconda)* |19 25 26 01 3355

Topconl 190 (Butte- Drummond)* 2005 06 13 200506 14  [2629164T.050
SR1 (Drummond-Anaconda)* (1924 19 013341

Trimble2 190 (Butte- Drummond) 2005 06 13 200506 13  [39721640.050
SR1 (Drummond-Anaconda) |15 29 23 1924 22
190 (Butte- Drummond)* 2005 06 13 200506 14 (39721641.050
SR1 (Drummond-Anaconda)* |19 24 30 013335

* Second run with occasiond stops aong the way.

Table 7: Summary of INS data for 13 June 2005 survey. Daarate = 256 Hz. All timesarein

GPStime.

INS Segments Start Time End Time Data File

H764G2  |SR1 (Drummond-Anaconda) {2005 06 13 20050613 [GMO0613 2s1.SAV

17 53 33 191959

190 (Butte- Drummond)* 2005 06 13 20050614 (GMO0613 2s2.SAV
SR1 (Drummond-Anaconda)* |19 29 34 01 28 07

LN100 190 (Butte-Drummond) 2005 06 13 200506 13  |LN1000613s1.BIN
SR1 (Drummond-Anaconda)  [1543 14 1921 07
190 (Butte- Drummond)* 2005 06 13 20050613 [LN1000613s2.BIN
SR1 (Drummond-Anaconda)* |19 31 39 224117

* Second run with occasiond stops aong the way.
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Figure 4. Comparison of time spans for each instrument on 13 June 2005.

1.4  Data Collection on 14 June 2005

Summaries of GPS (base dtations and rover) and INS data collected on 14 June 2005 are shown
in Tables 8, 9, and 10, respectively. Again, the time spans for each insdrument do not coincide
completely, as shown in Figure 5. The ssgment dong [1-90 from Butte to Missoula was driven
continuoudy; while the ssgments southward aong Route 93 and then eastward aong Route 43
contained a number of stops.
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Figure 5: Comparison of time spans for each instrument on 14 June 2005.



Table 8. Summary of GPS Base Stations set up on 14 June 2005. All timesarein GPStime.

Station Name [Lat/Lon/Ht (WGS84) [Start Time End Time File name

TPCN2 45°57'59.96661" N 2005 06 14 2005 06 15 2739165N.050
112°30'48.30269"W 1326 39 12 1454
1665.735 m

BATT 45°38'26.75867"N 2005 06 14 2005 06 14 BATT1652.050
113°38'37.00976"W 1948 35 23 1537
1913.502 m

DEER 46°24'20.30278"N 2005 06 14 2005 06 14 DEER1651.050
112°44'07.90449"W 14 27 34 17 46 13
1363.614 m

RT43 45°53'01.14267"N 2005 06 14 2005 06 14 RT431652.050
113°07'40.28175"W 190133 23 17 46
1746.186 m

VICT 46°25'02.25527"N 2005 06 14 2005 06 14 \VICT1651.050
114°08'49.02570"W 16 32 39 20 45 25
1021.924 m

MSOL 46°55'45.83984" N 2005 06 14 2005 06 14 MSOL 1650.050
114°06'31.88621"W 00 00 00 23 59 59
058.450 m

IDNP 45°56'22.93598"N 2005 06 14 2005 06 14 IDNP1650.050
116°07'16.53030"W 00 00 00 23 59 59
997.103 m

Table9: Rover GPSrecaver summary for 14 June 2005. Datarate=1Hz. All timesarein

GPStime.

Rover Name [Segments Sart Time End Time File name

NovAte 1l 190 (Butte-Missoula) 2005 06 14 2005 06 15 00071650.050
SRI3 (Missoula-CJP*) |14 36 39 00 25 05
SR43 (CJP-Big Hole)

NovAtd3 190 (Butte-Missoula) 2005 06 14 2005 06 15 00161650.050
SRI3 (Missoula-CJP) |14 36 26 00 2500
SR43 (CJP-Big Hole)

Topconl 190 (Butte-Missould)  [2005 06 14 2005 06 14 26291650.050
SRI3 (Missoula-CJP) |14 36 09 194148
SR43 (CJP-Big Hole)

Trimble2 190 (Butte-Missould)  [2005 06 14 2005 06 15 39721650.050
SRI3 (Missoula-CJP) |14 36 50 00 2500
SR43 (CJP-Big Hole)

* CJP = Chief Joseph Pass
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Table 10: Summary of INS data for 14 June 2005 survey. Datarate = 256 Hz. All timesarein

GPStime.
INS Segments Start Time End Time Data File
H764G1 |90 (Butte-Missoula) 2005 06 14 200506 14 |(GMO0614 1s1.SAV
14 48 45 171651
SR93 (Missoula-CJIP) 2005 06 14 200506 14 |GMO0614 1s2.SAV
SR43 (CJP-Big Hole) 172553 235051
H764G2 |90 (Butte-Missoula) 2005 06 14 200506 14 |[GMO0614 2s1.SAV
14 56 18 171551
SRI3 (Missoula-CJIP) 2005 06 14 200506 14 |GMO0614 2s2.SAV
SR43 (CJP-Big Hole) 172500 235524
LN100 SRI3 (Missoula-CJP) 2005 06 14 200506 14  [LN1000614.BIN
SR43 (CJP-Big Hole) 172254 22 46 48

15 Data Collection on 15 June 2005

Findly, for 15 June 2005, Tables 11, 12, and 13, respectively, summarize the GPS and INS data
collections, and Figure 6 shows the time spans for each indrument. In this case the vehicle
traveled in reverse order from the previous day, from Butte dong Route 43 westward, aong
Route 93 northward to Missoula, and ending with a non-stop run dong 1-90 esstward back to
Butte. The traverse dong Route 93 was interrupted by a detour starting in Hamilton, running
adong Route 269 padld to Route 93 until Stevensvillee The INS data for H764G2 on this
segment were correspondingly separated into two files with endpoints a Hamilton. LN100 data
were collected only during the latter part of this segment. Similarly, GPS data for the Topconl
receiver were divided into separate obsarvation files.  Ultimately, the segment for the gravity
estimation along Route 93 was terminated already &t Victor.

5 » MSOL
= — VICT
5 RT43=—
= - DARB
B BATT=—
= TPCN2
£1L.n100
- H764G1 £l
H764G2
SR43 SR93
Traverse?2 Traverse2 Traverse 4
8] 1 2 3 4 5 5]

t- 303,330 [second of GPS week] x 10°

Figure 6: Comparison of time spans for each instrument on 15 June 2005.
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Table11: Summary of GPS Base Stations set up on 15 June 2005. All times arein GPStime.

Station Name |Lat/L on/Ht (WGSB4) Sart Time End Time File name
TPCN2 45°57'59.96635"N 2005 06 15 2005 06 15 2739166M.050
112°30'48.30321"W 121530 20 24 55
1665.635 m
BAT2 45°38'26.63928"N 2005 06 15 2005 06 15 BAT21661.050
113°38'36.96147"'W 1507 38 184211
1913.415m
DARB 46°01'39.66985"N 2005 06 15 2005 06 15 DARB1661.050
114°10'36.14283'W 18348 22 07 32
1169.582 m
43-2 45°5304.81068"N 2005 06 15 2005 06 15 43-21661.050
113°09'12.79905"'W 14 16 43 174309
1752.202 m
VICT 46°25'02.25119"N 2005 06 15 2005 06 15 VICT1661.050
114°08'49.03433"'W 184119 21 56 25
1021.749,
MSOL 46°55'45.83984"N 2005 06 15 2005 06 15 MSOL 1660.050
114°06'31.88621"W 00 00 00 235959
058.450 m
IDNP 45°56'22.93598"N 2005 06 15 2005 06 15 IDNP1660.050
116°07'16.53030"W 00 00 00 235959
997.103 m
Table 12: Rover GPS receiver summary for 15 June 2005. Datarate=1Hz. All timesarein
GPStime.
Rover Name [Segments Start Time End Time Filename
NovAte 1 SR43 (Big Hole-CJP) 2005 06 15 200506 16 |00071660.050
SR93 (CJP-Missoula) (144121 04 04 37
190 (Missoula-Butte)
NovAte3 SR43 (Big Hole-CJP) 2005 06 15 200506 16 |00161660.050
SR93 (CIP-Missoula) 14 40 55 04 04 31
190 (Missoula-Butte)
Topconl SR43 (Big Hole-CJP) 2005 06 15 20050615 [26291660.050
14 40 57 181349
SR93 (CIP-Missoula) 2005 06 15 200506 15 [2629166S.050
(only up to Hamilton) 18 14 23 22 08 38
Route 269 2005 06 15 200506 16  [2629166W.050
22 1553 00 59 51
190 (Missoula-Butte) 2005 06 16 200506 16 [2629167B.050
010011 0404 16
Trimble2 SR43 (Big Hole-CJP) 2005 06 15 200506 16 [39721660.050
SR93 (CIP-Missoula) 14 41 43 04 04 22

190 (Missoula-Buitte)
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Table13: Summary of INS data for 15 June 2005 survey. Datarate = 256 Hz. All timesarein

GPStime.
INS Segments Start Time End Time Data File
H764G1  |SR43 (Big Hole-CJP) 2005 06 15 20050615 |(GM0614 1s1.SAV
14 52 42 1804 25
SR93 (CIP-Missoula) 2005 06 15 20050615 |(GMO0614 1s2.SAV
1827 19 212112
2005 06 15 20050616 |[GMO0614 1s3.SAV
213119 00 58 02
190 (Missoula-Butte) 2005 06 16 20050616 (GMO0614 1s4.SAV
01 06 05 03 21 05
H764G2  |SR43 (Big Hole-CJP) 2005 06 15 20050615 |(GM0614 2s1.SAV
14 53 36 18 06 48
SR93 (CIP-Misoula) 2005 06 15 20050615 |[GMO0614 2s2.SAV
182219 21 22 25
2005 06 15 20050616 |[GMO0614 2s3.SAV
2130 19 00 58 58
190 (Missoula-Butte) 2005 06 16 20050616 |(GMO0614 2s4.SAV
0105 18 03 58 51
LN100 SR43 (Big Hole-CJP) 2005 06 15 20050615 [LN1000615s1.BIN
14 54 45 174021
SR93 (CIP-Misoula) 2005 06 15 20050616 [LN1000615s3.BIN
21 34 05 00 56 59
190 (Missoula-Butte) 2005 06 16 20050616 [LN10006154.BIN
0105 18 03 58 51

2. Data Processing Techniques

The techniques to estimate the gravity components follow bascdly those developed a OSU for
arborne GPSINS vector gravimetric sysems. Details of the processng and edtimation
procedures may be found in previous reports and papers (e.g., Kwon and Jekeli, 2001; Jekeli,
2000, ch.10; Jekeli and Li, 2004). The GPS data from each par of base sation and rover
receivers were processed using the software Applanix™ that aso predicts stlandard deviations for
the podtion solutions. The later provided some indication of where GPS-derived postions
might be adversdy affected by poor satdlite geometry or poor resolution of phase cycle
ambiguities. We chose to use this software exclusvely since previous experience (Jekeli and Li,
2005) showed that, among those that we currently have avaldble (Applanix™, Trimble
Geomatics Office, NGS's KARS, MIT's GAMIT/Track), it yields the best and consstently most
reliable solution. Our analyses with the present data dso reveded a corrdation between
relaively poor GPS standard deviations and degraded gravity estimates (see Section 3). Thus,
from the various solutions implied by different pars of rover/base-dtation recelvers, we chose
that which seemed to offer the least variation in standard deviation. To repair gaps in the GPS
solution we gpplied asmple linear interpolation.
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We did not incorporate the lever-arm effect caused by the offset of the GPS antenna from the
INS, dnce we do not expect the vehicle to rotate dgnificantly. However, the indgnificance of
this effect requires further verification. The basc regidration for dl GPS and INS data is the
GPS time. To convert this to adong-track regidration in terms of distance, we used a smple
dgorithm that adds a differentid linear dement sequentidly to a defined darting point for each
ssgment.  The differentid line dement was determined from the best GPS solution available.
This one-to-one reationship between GPS time and dong-track distance was used for al
displays of our results as wdl as for interpolation purposes when comparing two (possibly
oppositely run) traverses dong the same road.

On occason, smdl diversons off the main road were included in the actud traverse in order
to vist DOV and gravity benchmarks. However, it was decided to exclude these from the
gravity esimation by interpolating the estimates across the detour. For the present andyss this
does not adversdy impact the results and dso does not omit potentidly useful data The
reolution of the edimation is not sufficent to yidd a levd of deal suggested by these
excursgons. Figure 7 provides two examples of an extraneous loop that was removed from the
andyss of the gravity estimation.

Traverses on 5R1
Traverses on SR43
Traverse 1| TPCME-TRIMBELER ) 55504
2 --Trawerse 2{MS0L-TRIMBLEZ) 2 Traverse 1 (TPCN2-Trimble2)
46171 58253 ~-Traverse 2 (MSOL-Trimble2)
45,5252
4817
& = 45 5851
[ i
¥ & "
4 2 geeas
5 46 1 » B 455 '
= L e " o T_.
g - 2 as e
£ 46168 3
r R 455
46 &7 {5, BT
oG B
46 165
1 1 i f L i 455545
ME S04 246 BA0G JE.B408 246 841 246.8412 2460414 246 8416 2465414 247 BASTI4E B4SED45 B450 146 546 245 BAGTD4G 545046 BI040 B464046 8465
Lengude [Degres] Lol [Tragrea]

Figure 7: Examples of smdl excursions of the GPSVan to vist aDOV point dong Route 1 (left)
and a base gation point dong Route 43 (right).

With a fit of B-splines to the GPS-derived postions, GPS accelerations were determined by
andytic differentiation. Inherent in this scheme is a smoothing process that filters noise with
tempora frequencies higher than some specified vaue. Based on severd test computations, we
used a 180-second filter. Next, the IMU data (delta velocities and delta angles) were combined
to obtan acceeraions in the GPS coordinate frame, and subsequently smoothed a the same
level as the GPS accderations. The difference between the GPS and IMU accderations is the
gravitationa acceeration (the lever-arm effect was not considered; see above). Ingead of a
ample subtraction, we determined these differences in a Kaman filter that atempts to remove
some systemdtic errors associated with the inertid sensors (biases and scale factor errors in the
accderometers and gyros). These dgorithms require an initid set of pogtions and orientations
of the sysgem, which were taken from the GPS and INS navigation solutions. Despite these

14



various filters and initid daa, the edimates of the gravity component include unknown biases
and possible trends that can be solved only with externa gravity and DOV control data (Serpas
and Jekdli, 2005). Inthisinitia processng, these biases (and trends) were not determined.

3. Gravity Vector Estimation Results

The main objective of this andyss is to provide an initid assessment of the ability of the ground
vehide surveys to yidd dong-track estimates of dl three components of the gravity disturbance
vector.  Although endowed with a subgtantid amount of verticd gravity control deta, the survey
aea contaned only a few control points for the horizonta components in terms of direct
independent measurements.  Two sources of indirect horizonta gravity control could be
conddered in evaluating our surveys. One is the DEFLEC99 data set obtained by NGS from
their Geoid99 model; the other is our own prediction of the deflections of the verticd using the
program GEOCOL (least-squares collocation software; Tscherning, 2005) applied to the NGA
gravity data in the survey area, as wel as the EGM9 reference modd. Either one, however,
may include unknown modd erors and may not have sufficiently high accuracy in the maximum
resolution to evaluae our edimates, which have a theoretica resolution of about 2 km
(equivaent to that of DEFLEC99 and the NGA gravity data). Comparing the horizontd gravity
disturbances derived from the NGS geoid modd (DEFLEC99) to those obtained through least-
squares collocation (GEOCOL) shows agreement only of the order of ten mga (or more), as
shown in Table 14. Fgure 8 digdlays profiles of these horizonta component estimates aong
SR43.

Table 14: Comparison of horizonta gravity disturbances from NGS (DEFLEC99) and NGA
gravity data usng GEOCOL aong specific road segments (for a definition, see below).

Meen (mgal) STD (mga)
North component, SR1 -4.14 11.93
East component, SR1 41.56 31.97
North component, SR43 -11.82 7.25
East component, SR43 14.54 12.22
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Figure 8 Compaison of horizontal gravity disturbance components from DEFLECT99 (based
on Geoid99) and from GEOCOL (estimated form regional gravity data and EGM96).

Adde from comparison to control data, repestability is another form of assessng the
precison of the estimated gravity components.  All segments of the survey were repeated a least
once under different circumstances. Traverses on F90 were separated by one or two days, and
even by 1.5 months, and were run in opposing directions. Repeat traverses along Routes 93 and
43 were conducted in reverse directions and on different days. The repest traverse on Route 1
was run on the same day and in the same direction but with more frequent stops along the second
run. Systematic errors in the data would likely not repeat exactly unless they were drongly
corrdlated with the geography of the traverse (which is a remote posshility). Assuming that they
do not repeat in the same way (i.e, they are random from one sortie to the next), any
commondity in the esimates dong repeated routes must be due to gravity.

Since repeatability was consdered of primary vaue in our assessment, the totd st of
traverses was divided into four principa segments. 190, dong Interstate Route 90 between Butte
and Missoula; SR1, dong Route 1 between Drummond and Anaconda; SR93, dong Route 93
between Missoula and Chief Joseph Pass, and SR43, dong Route 43 between Chief Joseph Pass
and Big Hole River base dation (intersection of Routes 43 and 569). With this organization, we
defer to a later time the andysis of some data collected along the eastern part of Route 43, dong
route 569, and west of Missoula, dong Route 12 (see Figure 1). Table 15 provides the
decription of the segments in terms of geographica endpoints, and Table 16 defines individud
traversesin terms of GPS time for each endpoint.

Generdly, H764G2 was the only INS that yidded consigtently acceptable results. For those
times that H764G1 and LN100 generated data they were often of significantly poorer qudity and
we do not include them in the main andys's (see Appendix).
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Table 15: Definition of Segmentsin terms of geographica coordinates for the endpoints.

Segment  |Start Point WGS84 (x,y,2  |End Point WGS84 (x,y,2) |Totd
Coordinates of Coordinatesof  [Length
Start Point [m] End Point [m] [km]
SRI Drummond -1725890.670  |Anaconda -1723167.736  |90.125
-4033636.577 -4080271.057
4615588.544 4576175.272
SR43 Big Hole -1746508.632 Chief Joseph Pass  [-1812151.977 |88.731
-4091671.161 -4079851.857
4557511.752 4543086.315
SR93 Chief Joseph Pass  [-1812125.681  |Victor -1796417.573 |106.828
-4079863.528 -4013276.672
4543085.856 4606175.537
190 Missoula -1775630.312 Butte -1700004.188 |191.364
-3992022.744 -4102480.270
4632411.855 4565188.418
Table 16: Definition of traverses in terms of GPS time for each endpoint.
Segment / Traverse | Date Endpoint and GPS Time Endpoint and GPS Time
[second of GPS weeK] [second of GPS weeK]
SR1, Traverse 1 13 June 2005 | Drummond, 151815 Anaconda, 155644
SR1, Traverse 2 13 June 2005 | Drummond, 163825 Anaconda, 173982
SRA43, Traverse 1 14 June 2005 | CJP, 247686 Big Hole, 254964
SRA43, Traverse 2 15 June 2005 | Big Hole, 317718 CJP, 323977
SR93, Traverse 1 14 June 2005 | Victor, 239395 CJP, 246800
SR93, Traverse 2 15 June 2005 | CJP, 326494 Victor, 335139
190, Traverse 1 28 April 2005 | Buitte, 408496 Missoula, 414494
190, Traverse 2 28 April 2005 | Misoula, 418846 Buitte, 423681
190, Traverse 3 14 June 2005 | Butte, 227601 Missoula, 234476
190, Traverse 4 15 June 2005 | Missoula, 351509 Butte, 359419
3.1 SR1Analyss

Figures 9 and 10 show the standard deviations of the DGPS postions predicted by Applanix™
for the two traverses dong the Route 1 segment (SR1), about 90 km in length, running between
Drummond and Anaconda (see aso Figure 2). Both traverses were run on 13 June 2005 and in

the same direction, from Drummond to Anaconda

Figure 11 shows two sats of standard

deviations (BUTTE-Trimble2 and TPCN2-Trimble2) for the first traverse in terms of aong-track
distance from the endpoint, Drummond. The relatively large standard deviations near the 56 km

point from Drummond correspond to the GPS time of about 154,000 [s, GPS week].

GPS

gandard deviations for the second traverse in terms of distance from the Drummond endpoint are
shown in Figure 12 for the pairs MSOL-Trimble2 and MSOL-NovAtdl. This traverse included
severd stops, which, however, do not correlate with the larger standard deviations.
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Figure 9: Predicted standard deviations of DGPS solutions for the GPSVan,
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Figure 12: Same as Figure 10, but for only two rover/base-gtation pairs and with
respect to along-track distance from Drummond.

Table 17 identifies four solutions with H764G2 for the two traverses and different GPS
receiver pars. Figures 13(abc) compare the two solutions, SR1-1 and SR1-3, dong Traverses 1
and 2, respectively, for the three gravity disturbance components. There is generd agreement for
the down component (Figure 13c) on both traverses and with respect to the values interpolated
from the NGA gravity control points, except for a bias. Horizontal components do not agree
with the DEFLEC99 (nor the GEOCOL) derived vaues, except at the very long waveengths
(there is dso an unsolved bias). However, it is evident that there is a strong correlation in the
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high frequency condituents between the two traverses. Arguably, the source of these corrdated
parts are gravity disturbances, because it is unlikely that the same systemétic errors are repesated
exactly dong the two traverses. There is the remote posshility that the road conditions impact
gysemdic erors in a predictable way, but smilar types of corrdaion are obtained for other
segments where the traverses were run in oppodte directions (different sdes of the road or
divided highway). Thus it ssems very unlikdy that these corrdations in the estimates are
systematic errors induced by road conditions.

It is ds0 dear without much andyss that there are ggnificant erors in the edimates,
particularly between the 50 and 60 km points, exactly where the GPS podtion solution is
asociated with large standard deviation (Figures 11 and 12). Figure 12 aso shows some GPS
problems for Traverse 2 near the 22 km point and especidly between the 60 km and 70 km
points. However, evidence of eror in dl three gravity disturbance components in this case
occurs rather at the points associated with stop points (19 km, 60 km, 69 km, 86 km). Thus while
GPS inaccuracy over longer intervas certainly has a detrimental effect on the edtimation, the
stop points also cause some kind of discontinuity or genera degradation in the estimates.

The same generd quditative concluson may be drawvn by compaing the solutions SR1-2
and SR1-4 (Figures 14abc), which use a different set of rover/base-gtation GPS receivers. The
essentid  difference with respect to the previous comparison is due to large irreparable gaps in
the MSOL-NovAtdl GPS solution that yielded completely erroneous gravity edimates after the
50 km point. (The gap is not evident in Figure 12 since it occurred in one of the excursion loops,
but the data processng is done continuoudy through dl loops, which are diminated only in the
find estimates) This, again, points to the requirement for congstently precise GPS solutions.

Table 17: Indrumentation used in the different solutions for the Segment SR1.

Solution Name Traverse Date INS Rover Receiver Base Station
SR1-1 1 13 June H764G2 Trimble2 TPCN2
SR1-2 1 13 June H764G2 Trimble2 BUTTE
SR1-3 2 13 June H764G2 Trimble2 MSOL
SR1-4 2 13 June H764G2 NovAtd 1 MSOL
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3.2 SR93 and SR43 Analyses

The segments adong Routes 93 and 43 were traversed twice each, and a quditaive andyss may
be attempted as for Segment SR1 (Section 3.1). Segment SR93 runs along Route 93 between
Victor and Chief Joseph Pass (CJP); while, Segment SR43 continues from Chief Joseph Pass to
Big Hole (dong Route 43 to the intersection with Route 569). Traverse 1, on 14 June 2005,
begins in Victor, runs through CJP and ends a Big Hole. Traverse 2, on 15 June 2005, runs in
the opposite direction, from Big Hole through CJP to Victor. A number of stops were made on
both traverses, as ndicated in Figure 2. Figure 15 shows the standard deviations as predicted by
the ApplanixO software for Traverse 1 (14 June); Figures 16 and 17 provide standard deviations
as functions of dong-track disance for each segment. Likewise, Figures 18 and 19 show
corresponding standard deviations for the segments of Traverse 2 (15 June).  Although Al
rover/base-dation recever pars yidd essentidly equivdent results, we sdected TPCN2-
Trimble2 for the andyss of Traverse 1 (14 June) and MSOL-Trimble2 br Traverse 2 (15 June).
Table 18 characterizes the different solutions in terms of instruments and base dations used to
estimate the gravity vector.

Table 18: Instrumentation used in the different solutions for the Segments SR43 and SR93.

Solution Name | Traverse DaeRun | INS GPS (rover) Base Station
SR93-1 1 14 June H764G2 Trimble 2 TPCN2
SR93-2 2 15 June H764G2 Trimble 2 MSOL
SR43-1 1 14 June H764G2 Trimble 2 TPCN2
SR43-2 2 15 June H764G2 Trimble2 MSOL

Migzoula | ! Butte

Victor - o [
= Chief Joseph % il [
Pass i
"l

t— 235,502 [second of GPS week]
Figure 15. Predicted standard deviations of DGPS solutions for the GPSVan,
Traverse 1 (14 June 2005) of segments SR93 and SR43, according to Applanix™
software and for different receiver/base station combinations.
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adong-track distance from Chief Joseph Pass.

Gravity disurbance edimates are shown for Segments SR93 and SR43, respectively, in
Figures 20(abc) and Figures 21(abc). There appears to be little corrdation between the two
traverses dong Segment SR93 for al components, even the down component. This is likely due
the rdatively poor GPS podtion solutions as indicated by the rather frequent large predicted
standard deviations as shown in Figures 16 and 19. The results for this segment are thus deemed
unsuccessful.  Segment SR43, on the other hand, shows remarkable consstency in the down
gravity disturbance component, especidly a the higher frequencies, even more between
traverses than with respect to the interpolated vaues from the control data. The horizontd
components aso exhibit sgnificant corrdation a the higher frequencies between the two
traverses, asin the case of Segment SR1.
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3.3 190 Analysis

The segment dong 1-90, about 191 km in length, was traversed four times on three days (28
April, 14-15 June 2005), with two partid runs on one day (13 June 2005). Traverse 1, on 28
April, began in Butte and ended in Missoula; with Traverse 2 being the reverse on the same day.
Traverse 3 was the same as Traverse 1, but on 14 June; and Traverse 4, on the next day, 15 June,
was the reverse of Traverse 3. The partid traverse on 13 June during the second run aong 90
(for which we have INS data) is aso included, as Traverse 5. Table 19 characterizes the
corresponding solutions that contribute to the main andyss. Recdl that potentidly suitable INS
data for Traverse 1 were generated only by H764G1 and LN100O, but neither of these instruments
peformed wel and results are relegated to the Appendix. Figure 22 shows the standard
deviations corresponding to the GPS solutions obtained for the 28 April traverses. Clearly, the
NovAtel2 recaiver conagently offered the lowest vaues, indicating that it likely represents the
best DGPS solution. Standard deviations for the GPS solutions of Traverses 3 and 4 on 14-15
June are shown with respect to dong-track distance in Figure 23. Even though different base
dations were used for these two traverses, the standard deviations amost mirror each other,
indicating that they are geographicaly corrdated, possbly due to GPS outages associated with
overpasses or other obstructions.

Table 19: Instrumentation used in the different solutions for the Segment 190.

Solution Name Traverse | Date INS GPS (rover) Base Station
190-2 2 28 Apr 05 H764G2 NovAte 2 MSOL
190-3 3 14 Jun 05 H764G2 Trimble 2 TPCN2
190-4 4 15 Jun 05 H764G2 Trimble 2 MSOL
190-5* 5 13 Jun 05 H764G2 Trimble 2 MSOL

* Part of totd segment
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Figure 22. Predicted standard deviations of DGPS solutions for the GPSVan
according to Applanix™ software and for different rover receivers on Traverses 1
and 2 dong Segment 190, 28 April 2005.
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Figure 23: Predicted standard deviations of DGPS solutions for the GPSVan
according to Applanix™ software. Top: Traverse 3 dong Segment 190, 14 June
2005; bottom: Traverse 4 along Segment 190, 15 June 2005.

Edimations of the gravity disturbance vector are shown in Figures 24(abc) for the four
traverses in comparison to control data As before, we find clear (though not consistent)
corrdations in dl three components among the traverses that are not evident with respect to the
control profiles. However, the long-wavelength features in dl three components agree well with
And, as before, we find dgnificant erors (in terms of between-traverse
comparisons) dong the traverse near Butte, where the GPS standard deviations are greatest.
fact, the partid Traverse 5 on 13 June does not yield good results, particularly in the vertica

the control.

component.
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Figure 24. Gravity vector estimates aong Segment 190, from Missoula to Buite,
using data collected on 28 April, 14-15 June, and 13 June 2005 (Traverses 2, 3, 4,
and 5 respectively): @ north component, b) east component, ¢) down component.
Vaues obtained from “Control” data and stop points are also indicated.

4. Summary, Conclusions, and Recommendations

The GPSVan gravimetric surveys in western Montana on 28 April and 13-15 June 2005 using
INS and GPS can be characterized as a success. Over 700 km of roads were traversed, most road
segments more than once.  The repesated traverses essentidly represent 4 segments dong which
we could andyze the qudity of our gravity edimates using internd repeatability in addition to
external control data. These are designated SR1 @ong State Route 1), SR43 (along State Route
43), SR93 (dong State Route 93), and 190 (along Interstate Route 90). On severd sorties of the
GPSVan, sops were included dong the way at points where externdly determined deflections of
the verticd (DOV) and absolute gravity (or smply a GPS base station) were located. Otherwise,
the traverses were run essentidly a posted speeds (typicaly 80-100 km/hr) and the gravity
edimations are based on an interna 180-second smoother, thus theoreticdly yidding a
reolution (haf-wavelength) of about 2-25 km. The suite of instruments conssted of (among
other lower qudity IMUs) three high-accuracy INS's (LN100, H764G1, and H764G2), as well as
numerous GPS receivers.  Unfortunately, only the H764G2 performed wel enough to yidd
acceptable gravity esimates.  Also, the Trimble2 (and NovAtdl on 28 April) rover receivers
performed consstently better than the others.

Of the 4 segments analyzed, SR1, SR43, and 190 yielded acceptable results, while SR93 can
be dasdfied as unacceptable. The determining factor (efter the qudity of the INS) is the qudlity
of the GPS solution. If the INS is performing wel (as was the case with the H764G2) and we
assume that its quaity is essentidly conglant dong the traverse, then the accuracy in the GPS
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solution, as characterized by the predicted standard deviations in the GPS postion solution,
drongly corrdates with the qudity of the gravity estimates  This is the most important
concluson to be drawn from these tests and andyses.  The ingbility to obtain acceptable gravity
edimates dong Segment SRI3 is a direct consequence of the relatively poor quaity of the GPS
solution on this segment. It is noted that stop points have dso caused degradation in the gravity
estimates, athough generdly these points are not corrdated with high GPS standard deviations.
The problems in gravity estimation a these stop points may be due to the method of processng
(continuoudy throughout the dationary period), and dternative methods that break the INS data
Stream into segments need to be explored.

Our edimates of the gravity disturbance vector are based on a wdl-tested Kaman filter
dgorithm (used successfully in arborne vector gravimetry), but does not include way-dation
control data.  Thus the errors contain biases and trends that would need to be extracted for a fina
quaity assessment.  However, adong uninterrupted sub-segments, where the GPS solution
gppears adegquate, we may compute standard deviations of differences between edtimates and
control, or between edimates of different traverses. We compute these only for the down
component since the errors gppear to be generdly of a random nature (the only case, drictly
gpeaking, for which standard deviations make sense). The horizontal components, on the other
hand, dill contain sysematic errors of more long-wavelength character, as well as possible scale
erors (we expect horizonta components to have roughly the same magnitude as the vertica
component; however the mountainous nature of western Montana may invdidae tha generd
assumption). Tables 20 and 21 list the computed gatistics for the indicated sub-segments.

Table 20: Saidics for the differences in the down component of the edimated gravity
disturbance vector on SR1 and SR43. All vauesin units of mgd.

Sub- Segment Trav.1—-Trav.2 | Trav.1—NGA control* Trav. 2—NGA control*

mean | <. dev. mean &. dev. mean s.dev.
SR1,0-40km -7.66 4.70 23.98 2.94 31.64 4.34
SR43, 0—60 km -3.57 2.07 32.95 2.23 36.51 2.70

* interpolated onto trgjectory from point data

Table 21. Statidtics for the differences in the down component of the
edimated gravity disturbance vector on 190. All vauesin units of mgdl.

Difference, mean &. dev.
45 -95km

Trav.2—Trav. 3 3.17 2.40
Trav.2—Trav. 4 -5.28 0.72
Trav.3—Trav. 4 -8.45 2.74
Trav. 2—NGA Control* 50.23 3.19
Trav. 3— NGA Control* 47.06 2.95
Trav. 4 — NGA Control* 55,51 3.32

* interpolated onto trgjectory from point data



The larger $andard deviation between traverses for SR1 (Table 20) is due in part to the error
in Traverse 2 caused by the stop point a the 19 km point; there is aso an overdl trend in ther
differences, which would be removable with minima control data For Segment 190 (Table 21),
the betweentraverse comparisons are generdly better than the comparisons to the interpolated
control data. In particular, Traverses 2 and 4, dthough run 1.5 months apart, from Missoula to
Butte, refer to the same sde of the divided highway, F90, and agree to better than 1 mga (st.
dev.). Note that Traverse 3 from Butte to Missoula refers to the other side of 90. Since these
two ddes are separated by up to a hundred meters, the more sgnificant differences between
oppositely run traverses shown in Table 21 should be expected. However, the differences with
respect to the interpolated control show that the latter may not be adequate for a complete
asessment of the qudity of the edtimates in this case. It is even more evident for the two
(oppogitdy run) traverses dong SR43, where the internd repeatability is much better than the
agreement of either traverse with the interpolated control data (Table 20).

Certainly, the avalable control in the horizonta components seems admost completey
deficient in light of the high corrdation in estimates between repested traverses. This supports
the second important conclusion from these andyses. A proper assessment of the capability of
this INS'GPS mobile gravimetry system requires dense control in dl three components of the
gravity disturbance vector dong the actual road that was surveyed. A recommendation that
arises from this concluson is ether to run the sysem aong a road where such control aready
exids or to esablish the requiste control dong one of the segments surveyed, for example,
either 190 or SR43. The latter could easily be done for the vertica component since these roads
ae by definition essly accessble and a night-time survey (to reduce the impact of treffic
microseisms) could be readily accomplished. At the same time, one should consider the use of
precise trangporteble astrolabe observations to obtain a true profile of the horizonta gravity
disturbances, for example, usng the equipment recently developed and proven by Hirt and Bdrki
(2002) and Hirt et d. (2004).

The success of the Montana survey resulted in pat from the redundancy of the
insrumentation. That is, had only one INS been used, we might have obtained very poor results
indeed. On the other hand, from our initid experience with a test run in Ohio (dong 1-70
between Columbus and Dayton), we would have chosen the H764G2 as the most accurate
candidate for further surveys. Neverthdess, this shows that redundancy (aso in GPS receivers)
is worthwhile when doing such extensve testing. In future tests one could use (as initidly
planned for his test) the redundancy in wel performing instrumentation to cross-correlate two
essentidly independent solutions in order to filter out non-gravitationa components (presumably
due to systemétic errors) and determine afina solution asif two traverses were run.

We found no particular advantage in the redundancy of GPS base dations. However, this
bears further anadlysis once the GPS solutions are improved with better cycle ambiguity recovery.
Also, utilization of the way point stops and incorporation of corresponding data to reduce the
effect of accumulating systematic INS errors has not yet been investigated. This and the use of
control data to remove biases and linear trends warrant further andyss and agorithm
devdopment. The potentid scde error in the horizonta gravity disturbance estimates (which
vay as much as 100-150 mgd over a disance of only 5 km) indicates that the dtates of the
Kdmaen filter and ther dynamics modd may require some modification.  However, this
development would benefit greetly from a better assessment of the current estimation results
usng much improved control data This would indicate more directly the range of adaptations
that are required.
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Appendix

Here we show a sample of the results for the H764G1 and LN100. Without exception, if the
down component is not well edimated, the estimated horizonta components are worse.
Therefore, results are shown only for the down component. Figure A1 compares the estimates
derived from the LN100 aong the two 190 traverses of 28 April 2005. Clearly, in comparison to
Figure 24c, these edimates show little internd repeatability and thus have huge erors.  Errors in
the horizontal components are of the order of 1000 mgd to 2000 mgd (not shown). The
gtudtion is dightly better, though not satisfactory, for H764G1 dong Segment 190, as seen in
Figure A-2. There is no repeatability between traverses and only overdl agreement with the
longer-wavelength control data  Again, the horizontal component estimates (not shown) are in
eror by hundreds of mga. Figure A-3 compares the down component estimates from al three
INSs dong the entire trgectory from Butte to Missoula on 14 June 2005 (covering the
individud Segments SR43 and SR93, as indicated). Again, the solution with LN100 fares poorly
except a the long waveengths, and the solution with H764G1 gpparently contains larger high-
frequency erors than the solution with H764G2. The dandard deviation between estimates
using H764G1 and H764G2 dong the entire 295 km trgectory (Traverse 1) between Butte and
Missoula is 8.2 mgd; with respect to the interpolated control it is 13.5 mgd (H764G1) and 15.3
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mgal (H764G2). Corresponding standard deviations just for the 60 km part of Segment SR43 are
4.2 mgal, 4.0 mgd, and 2.2 mgal (see dso Table 20).
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Figure A-1. Compaison of edimaes of the down component of the gravity
disturbance using the LN100 aong 190 Traverses 1 and 2 of 28 April 2005.
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Figure A-2. Comparison of edimaes of the down component of the gravity
disturbance using the H764G1 dong 190 Traverses 1 and 4 of 28 April and 15
June 2005, respectively.
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Figure A-3: Comparison of edimaes of the down component of the gravity

disturbance using the LN100, H764G1, and H764G2 aong Routes 43 and 93
from Buitte to Missoula (see Figure 2), on 14 June 2005.
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