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Appendix F
Application: Static GPS Control Survey--Coyote Dam, Russian River, CA
(Sacramento District)

This appendix provides an example of a static GPS surveys performed on a Corps civil works project
performed during 1989.  This survey was performed prior to full operational capability of the GPS satellite
constellation; thus, observation windows had to be observed in order to obtain four or more satellites.  The
procedures and standards that were used for performing, reducing, and adjusting these early GPS surveys
have not significantly changed, other than the more user-friendly field data collection devices and
significantly updated Windows-based baseline reduction and adjustment software.  Baseline reduction and
adjustment software techniques shown on these 1989 surveys are still representative of the current
reductions and analyses performed today--only the output formats have changes.

F-1.  Planning Phase

The GPS survey was planned for 25 April 1989 in the vicinity of Coyote Dam on the East Fork of the
Russian River, near Ukiah, California.

a.  A diagram of the project area is shown in Figure F-1.  Three fixed control points were
connected--Calpella 1949, Perry 1949, and Ukiah Airport 1949.

b.  Four Trimble 4000 SL GPS carrier phase tracking receivers were used for the survey--with one
person per receiver.  In actuality, because the personnel were inexperienced in conducting a GPS survey, a
fifth person was also used.  The fifth person was used as a "runner" who can be called upon during the
survey to aid in smoothing out any complications (e.g., aiding in overall communication and coordination,
parts retrieval in case of breakdown, bad power source, blown fuse, misplaced equipment, forgotten
measurement device or power cord, as well as any other possible complication).  Communication between
personnel was by two-way radio.  Care was taken in choosing and operating the two-way radio near the
GPS survey so that the radio transmitter and receiver chosen, when in operation, would not interfere with
the GPS receiver.

c.  Prior to data collection, the stations were inspected and found to be acceptable (easy
accessibility, no obstruction or possible multipath sources, and at least 20 degree satellite visibility above the
horizon).

d.  April 25, 1989 corresponds to Julian calendar day 115.  Calpella, Perry, and Ukiah Airport were
stations with established horizontal control.  Pier 1 and Pier 2 were stations requiring horizontal coordinates
accurate to 1:10,000 (refer to Figure F-2).  Therefore, the following station conventions for Session 1 of the
survey were:

Pier 1 - Station 20011151
Pier 2 - Station 20021151
Calpella - Station 20131151
Ukiah Airport - Station 20141151

It is important to note that this station convention was used for this survey because the Trimble receiver only
allowed numeric input of station names.  Newer receivers allow alphanumeric inputs for station names,
which provides more flexibility in station naming.
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Figure F-1.  Ukiah Project Area Figure F-2.  GPS Project Diagram (Ukiah)

e.  A satellite visibility plan (a software package that produces a hard copy listing of satellite
constellations and time availability based on ephemerides) was run for the project location.  The satellite
visibility was run with the most up-to-date ephemeris for the period of observation, using four-satellite
visibility, and with a cut-off elevation angle of 20 deg.  An up-to-date ephemeris was used to ensure the
satellite visibility formulated was the most accurate.  A minimum of 4 visible satellites was specified in
order to formulate accurate three-dimensional solutions.  A cut-off elevation of 20 deg was chosen in order
to minimize any diffusion or dispersion of the signal by the atmosphere which in turn may cause errors in
the solution as the satellites pass near the horizon.  The satellite visibility plan produced for the Ukiah
project is shown below.

All-In-View PDOP for UKIAH

Date :   25  Feb  1990 Time :  4:00  ->  4:00
Latitude  :  39o 12' 30"  N Longitude : 123o 10' 30"  W
Cut-off Elevation : 20 Zone : - 7:00

Time Time      PDOP
Satellite Constellation           Rise        Set          dT            Rise        Set
6  9 11 13 21:55 22:03 0:08 4.9 5.0
6  9 11 12 13 22:02 22:33 0:30 3.8 3.6
6  9 11 12 13 19 22:32 23:18 0:45 3.2 3.3
3  6  9 11 12 13 19 23:17 23:48 0:30 2.9 3.0
3  9 11 12 13 19 23:47 1:08 1:20 4.2 4.2
3 11 12 13 19 1:07 1:22 0:15 4.9 5.0
3 12 13 19 1:22 2:20 0:58 22.7 31.6
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The portion of the satellite visibility where the PDOP is near 5.0 m/m or below are times when the satellite
geometry is conducive for conduct of a survey.  A PDOP near or below 5.0 m/m does not guarantee a
successful survey but it does indicate good satellite geometry during that moment of the survey--see Chapter
5 for further information on PDOP.

f.  From the satellite visibility plan, it was decided to conduct three sessions during the survey.
Travel between survey sites, time to set up and take down the equipment before and after the survey,
receiver warm up time, time of survey (at least an hour allotment for survey data collection, but more than
an hour if at all possible), and possible time loss due to unforeseeable problems or complications were taken
into account before deciding on a specific session schedule.  The final survey session schedule is shown in
the chart below:

Final Survey Session Schedule

Session                                  Start Time                              Stop Time
1 21:55 22:55
2 23:38 00:38
3 01:23 02:20

It was further decided which stations would be occupied during each session.  Station occupation was
designed to minimize travel time and to add to the overall efficiency of the survey.  The station occupation
schedule was planned as shown in the following chart:

Station Occupation Schedule

Session                  Station                                    Station                    Station                    Station
1 Calpella Ukiah Airport Pier 1 Pier 2
2 Calpella Perry Pier 1 Pier 2
3 Ukiah Airport Perry Pier 1 Pier 2

g.  A GPS Station Observation Log is generally filled out prior to conduct of the survey.  An
example of a GPS Station Observation Log is shown in Figure F-3.  The GPS Station Observation Log must
be filled out for each of the station occupied in order to have a written record of the actual survey and as an
aid for the personnel occupying each of the station.

h.  Portions of the GPS Station Observation Log were filled out prior to data collection.  These
portions included the station name, start date, GPS 8 character ID for each session, project name, project
location, observer name, approximate receiver position (latitude, longitude, and elevation), session
scheduled start and stop times, and requisite tracking equipment information.  In this case, six GPS Station
Observation Logs were filled out, one each for: Calpella (Sessions 1 & 2), Ukiah Airport (Session 3), Ukiah
Airport (Session 1), Perry (Sessions 1 & 2), Pier 1 (Sessions 1, 2, and 3), and Pier 2 (Sessions 1, 2, and 3).
An example of a GPS Station Observation Log for Station "Pier 2" is shown in Figure F-4.
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Figure F-3 a.  Example GPS Station Observation Log (Front)
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Figure F-3 b.  Example GPS Station Observation Log (Back)
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Figure F-4.  GPS Station Observation Log (Pre-Survey)
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F-2.  Actual Survey Operation

Those portions of the GPS Station Observation Log, which were not filled out during the planning phase of
the survey, were filled out during data collection.  An example of the GPS Station Observation Log for
Station "Pier 2", filled out after data collection, is shown in Figure F-5.

a.  Key to proper data collection is correct set up of the equipment (tripod, receiver, and power
source) and correct antenna height measurements (height of the antenna above the mark).

b.  Figure F-6 shows personnel correctly taking an antenna height measurement over a temporary
monument.  Figure F-7 illustrates a typical antenna setup with the following equation detailing the antenna
height correction.

v  =  sqrt [ s  2  -  r  2  ]

where
v = corrected vertical height distance of the antenna center above the mark,

s = slope distance measurement derived from the average of several antenna height measurements

 r = antenna radius

c.  When measuring the antenna height during this survey, the following procedure was followed in
order to ensure an accurate reading:

(1) The slope distance from the North point of the antenna to the center of the monument was
measured to the nearest millimeter (0.001 m).  Measurement was also done in English units (inches) to the
nearest 1/32th of an inch.  This value then was compared to the metric value measured earlier.  This
comparison is done to detect blunders.

(2) Similar measurements are also taken from the South point of the antenna to the center of the
monument.

(3) The resultant North and South slope distances were averaged.

(4) Example:  (Refer to Figure F-5)

• Tripod set up flat on a dock.
• The North side measure up for session 1 = .120m
• The South side measure up for session 1 = .120m
• An extra "Check Measurement" was also taken for the measure up for Session 1 and was

found to = 0.394 ft.
• As a check: (0.394 ft.) x (1m / 3.281 ft.) = .120m
• This value was recorded in the GPS Station Observation Log.

d.  Each GPS receiver was operated in direct accordance with the manufacturer instructions,
procedures, and/or guidance.

e.  No problems were encountered during the survey sessions.
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Figure F-5a.  GPS Observation Log (Post-Survey)
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Figure F-5b.  GPS Observation Log (Post-Survey)
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Figure F-6.  Antenna Height Measurement Figure F-7.  Diagram of Antenna Setup

F-3.  Post-Processing Observation Data

All recorded observation data were downloaded from the receivers to 5.25" floppy discs.  The downloading
procedures detailed in the manufacturer's operating manuals were strictly adhered to.

a.  Once the observation data was downloaded, preprocessing of data was performed.
Preprocessing of data included checking the station names, antenna heights, latitude and longitude of the
points, elevation of the points, as well as applying any required corrections.  In general, most GPS
processing software requires the antenna slope height be corrected to vertical at some point in the survey,
usually during the preprocessing phase (consult receiver/software manufacturer guidelines for specifics).

b.  The data for the Ukiah project was post-processed using Trimble software TRIMVEC Version
88.028--GPS Relative Positioning Solution), but in general, all post-processing software produces similar
results.  The observation data was processed in accordance with manufacturer guidelines (see Chapter 10 for
further discussion on GPS baseline post-processing).

(1) An examination of the results reveals the following, which are produced in one form or another
in other manufacturer's solution file formats:
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a--Listing of the filename
b--Types of solutions (single, double, or triple difference)
c--Satellite availability during the survey for each station occupied
d--Ephemeris file used for solution formulation
e--Type of satellite selection (manual or automatic)
f--Elevation mask
g--Minimum number of satellites used
h--Meteorological data (pressure, temperature, humidity)
i--Session time (date, time)
j--Data logging time (start, stop)
k--Station information: Location (latitude, longitude); Receiver serial number used; Antenna
serial number used; ID number; Antenna height
l--RMS
m--Solution files: dx, dy, dz between station; Slope distance between station; dlatitude,
dlongitude between station; Distance between station; dheight
n--Epoch intervals
o--Number of epochs

(2) The triple difference, double difference float, and double difference fix Trimble solutions of the
baseline reductions for baseline 2014--2002 were computed.  The fixed solution is shown in Figures F-8a
through F-8d--annotated with the above conventions (a through o) provided as an explanation.  A summary
of all solutions is shown in Figure F-8e.  The baseline formulations are reproduced from the Trimble
Navigation TRIMVEC solution file.

c.  In general, all GPS manufacturer data reduction software programs produce a summary of results
once data has been reduced and a baseline formulated.

d.  Although the Trimble summary solution file does specify that the integers were found, the RMS
is OK, and FIXED solution is recommended, an analysis of the output prior to this conclusion in accordance
with Chapter 10 would have revealed the following:

(1) With a baseline distance of 7000 m for the formulated baseline (baseline 1402) and from Table
10-2 (Fixed Solution Acceptance Criteria), the RMS must be less than (0.02+(0.004*d)).  Using the formula
(0.02+(0.004/d)) from Table 10-2 with a distance (d) equal to 7 km, the equation is (0.02 + (0.004*7)) and
the RMS is approximately equal to 0.048.  Therefore, the RMS is acceptable.

(2) With a baseline distance of 7000 m for the formulated baseline (baseline 1402) and from Table
10-3, the variance ratio must be more than 1.5.  The fixed solution factor from the summary solution file is
18.9.  Therefore, the fixed solution quality factor is acceptable.

(3) From Table 10-3, with a baseline length of 7 km for baseline 1402 (between 0 - 20 km), an
acceptable RMS (small), an acceptable variance ratio (large), and an integer solution, the fixed solution
should be acceptable.

e.  All other formulated baselines for this survey were found to be acceptable.
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Figure F-8a.  TRIMBLE Baseline Solution File (Ukiah Baseline 2014--2002)



EM 1110-1-1003
1 Jul 03

F-13

Figure F-8b.  TRIMBLE Baseline Solution File (Ukiah Baseline 2014--2002)
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Figure F-8c.  TRIMBLE Baseline Solution File (Ukiah Baseline 2014--2002)
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Figure F-8d.  TRIMBLE Baseline Solution File (Ukiah Baseline 2014--2002)
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Figure F-8e.  TRIMBLE Baseline Solution Summary File (Ukiah Baseline 2014--2002)
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F-4.  Loop Closure

An approximate loop closure was done by following the procedures detailed in Chapter 10.

Figure F-9.  Loop Closure (Ukiah)

The resulting calculations would proceed as shown in the following computation:

a.  Follow Figure F-9, holding 2013 as the starting point.

b.  Formulate a table similar to that shown in Chapter 10, where all values are taken from the GPS
post-processed baseline formulations:

Baseline ∆ x (m) ∆ y (m) ∆ z (m) Distance(m)
13142059.FIX
2013 -> 2014  -3367.429  -7891.019 -10410.673   13490.362
14021059.FIX
2014 -> 2002   3799.005   2554.018   5296.798    7000.823
02053056.FIX
2002 -> 2006    953.294   -748.319    -16.709    1212.035
06013056.FIX
2006 -> 2001   -666.617   1441.548    908.280    1829.593
01132059.FIX
2001 -> 2013   -718.244   4683.775   4222.288    6317.297

c.  Sum up the ∆x, ∆y, ∆z, and distance components:

Σ∆x components = ∆x(2013->2014) + ∆x(2014->2002) + ∆x(2002->2006) + ∆x(2006->2001)
+ ∆x(2001->2013)  = -3367.429 + 3799.005 + 953.294 + (-666.617) + (-718.244) =  0.009

Σ∆y components = ∆y(2013->2014) + ∆y(2014->2002) + ∆y(2002->2006) + ∆y(2006->2001)
+ ∆y(2001->2013)  = -7891.019 + 2554.018 + (-748.319) + 1441.548 + 4643.775 =  0.003

Σ∆z components = ∆z(2013->2014) + ∆z(2014->2002) + ∆z(2002->2006) + ∆z(2006->2001)
+ ∆z(2001->2013) = -10410.673 + 5296.798+ (-16.709) + 908.280 + 4222.288      =  -0.016
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ΣDistances = (2013->2014) + (2014->2002) + (2002-2006) + (2006->2001) + (2001->2013)
= 13490.362 + 7000.823 + 1212.035 + 1829.593 + 6317.297 =  29850.110

d.  From Equation (10-1):

m = sqrt [ 0.009 2  +  0.003 2  +  (-0.016) 2  ]  =   0.018601075 or  0.0186

Therefore, misclosure is approximately 0.0186 in 29850.110 m, or 1 part in 1,600,000.

F-5.  Final Adjustment

The program used for final adjustment of the Ukiah survey was the GEOLAB program (Version 1.82--
1987).  For an in depth technical discussion on GEOLAB, refer to the literature accompanying the
GEOLAB software package.  The following discussion on the GEOLAB adjustment of the Ukiah survey
highlights some of the criteria used in the adjustment of a horizontal survey.

a.  The input data file for a GEOLAB adjustment is called an "IOB" file.  An IOB file can be
created using a text editor program or with a GEOLAB option called "GPS Environment."  An IOB file is
specific to the GEOLAB adjustment software and may or may not be required by other least-square
adjustment software (refer to Chapter 11 or the owner's manual).  The GEOLAB Environment option takes
GPS baseline solution files developed by most GPS manufacturers and automatically sets up an IOB file for
adjustment.

b.  The IOB input file generally consists of the following information:

(1) Top Line.  Title Record - usually a project name and an adjustment number.

(2) Second Line.  Options Record - this record specifies which GEOLAB options are to be activated
for processing.

(3) Third Line.  Ellipsoid Specification Record - Prints ellipsoid parameters chosen in the Options
Record or as chosen by the user.

(4) Station Information Section.  All stations must have their coordinates defined here.  The
coordinates must be given as ellipsoidal latitude, longitude, and orthometric height, or as Cartesian
coordinates.  In this section, stations are either held fixed or are to be adjusted.  If stations are not held fixed,
estimated coordinates are input.

(5) Auxiliary Parameter Definition Record.  The auxiliary parameter group definition record is
optional, but can be used if GEOLAB is to solve for various scale, orientation, translation, or constant
parameters.  In the sample GEOLAB input, enough vertical and horizontal control is held fixed to solve for
SCALE and ROTATION.  Rotation is about the Cartesian X-axis, Y-axis, and Z-axis.

(6) Observation Records Section.  In the example GEOLAB input file, only GPS observations are
entered.  Each baseline is entered separately with the station name and Cartesian coordinate differences
between the stations, which is the computed baseline.  These can also be entered as ∆x=0, ∆y=0, ∆z=0, for
station 1 and the 3 D baseline for station 2.  For example, baseline 1 would be entered as:
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            STATION         ∆x                    ∆y                    ∆z
92 2001 0.000 0.000 0.000
92 2006 -666.617 1441.548 908.280

The correlation matrix elements from the baseline solution are also entered and the last line of the
observation record is the standard deviation for ∆x, ∆y, and ∆z.

c.  Figure F-10 depicts GEOLAB input with annotations using the above convention.

d.  Once an IOB file containing parameters necessary to perform an adjustment has been completed,
the adjustment can begin.  The first step is to select the baselines needed for the adjustment.  The baselines
chosen must have been processed adequately, as detailed in Chapter 10, or as recommended by the GPS
manufacturer.

e.  The example IOB file shown in Figure F-10 was adjusted as shown in Figure F-11.

f.  For the first adjustment (Figure F-11), one point was held fixed in 3D, producing a free
adjustment).  A free adjustment checks the internal consistency of a GPS survey--refer to Chapter 11 for
further details.

g.  A second adjustment (not shown) can be done to check the existing network if these control
points are directly tied together with GPS baselines.  To do this with GEOLAB, the user must set up an IOB
file with only the fixed control and the respective baselines connecting them.  Hold fixed all control except
one point, then perform the adjustment.  Next, fix that control point and free one of the others, and keep
repeating this procedure until all control points have been allowed to be checked against it's true position.  If
the position of one control point is "bad", that point can generally be omitted from the subsequent
constrained adjustment or allowed to adjust with the other points.

h.  A final constrained adjustment (Figure F-12) should hold fixed all good horizontal and vertical
control.  Adjust and check the output as detailed in Chapter 11.

F-6.  Check of the Final Adjustment

After each adjustment was run, the 2-D and 1-D station (absolute) error ellipse for each adjusted point was
reviewed (for further discussion on error ellipses and adjustments, refer to Chapter 11).  These are listed as
major semi-axis, minor semi-axis, major azimuth, and vertical.  The sizes of the error ellipses listed in this
portion of the GEOLAB adjustment are an indication of the internal consistency of the GPS survey.  The
smaller the size of the ellipse, the better the survey.  The size of the ellipse will also generally become larger
as the project size increases.  In the constrained adjustment shown, the major semi-axis and minor semi-axis
are of the mm level (0.0066 and 0.0048 mm for 2001 and 0.0062 and 0.0044 mm, respectively) - which is
acceptable.

a.  The 2-D and 1-D relative error ellipses and line accuracies (i.e. precision) between survey points
were checked.  These are listed as major semi-axis, minor semi-axis, major azimuth, vertical, spatial
distance, and precision (as shown on labeled page 16 of the free adjustment and page 17 of the constrained
adjustment).  When checking these values, one should remember they are relative values.  The relativity of
points used in the adjustment can sometimes produce deceptive values, higher major semi-axis and minor
semi-axis values: this may occur between points that are close together, but have not been tied together by a
baseline.  Because of the possibility of the production of deceptive results, the user must take special care
when reviewing these values.  In the constrained adjustment shown, the major semi-axis and minor semi-
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axis are of the mm level (0.0045 and 0.0036 for the baseline 2001->2002).  The project precision in parts
per million (ppm) is also listed in this portion of the adjustment and should be checked.

b.  The histograms in the GEOLAB adjustments were reviewed.  The histogram is a visual
representation of the standardized (normalized) residuals.  The histogram shows whether the residuals are
symmetrical about the mean residual, the total spread of values of the residuals, the frequencies of the
different values, and how peaked or how flat the distribution of the residuals may be.  A generally good
looking histogram has data that, when graphed, is in the shape of a bell curve.

c.  The free adjustment line accuracy precessions shown on Figure F-11 are the primary criteria
used to evaluate the survey adequacy.  The worst precision (4.182 ppm between 2001 and 2013) equates to
1:239,000.  This far exceeds the required project accuracy (1:10,000).  The relative line accuracy between
2001 and 2002 on the constrained adjustment was 3.846 ppm, or 1:260,000.  This indicates excellent
connections with existing control.

d.  The variance factor shown on each adjustment is within acceptable limits (0.5 to 1.5).  As such,
it could be used to determine outlier limits for rejection of data, as explained in Chapter 11.

e.  The residual corrections to each baseline component are shown on each adjustment.  Special
review is made of the Standardized Residuals, which one will find is approximately comparable to
Normalized Residuals in GEOLAB software.  None of the residuals were flagged (based on Tau Max
testing) for exceeding tolerance.

f.  The 3-D positional and relative confidence regions (ellipsoid) and 3-D line accuracy precessions
are shown at the end of each adjustment.  These statistics are not applicable for most USACE work.

g.  Of all the output statistics, only the residuals, standardized residuals, relative 2-D/1-D line
precessions, and variance factor have useful application for USACE work.  The histograms, Chi-square
tests, 3-D ellipsoid, etc. are useful only if one understands their derivation and application.

h.  The results of the free and constrained adjustments in this example were not significantly
different.  This is usually not the case--typically, station/line accuracies degrade on the constrained
adjustment.
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Figure F-10a.  GEOLAB Input (Ukiah)
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Figure F-10b.  GEOLAB Input (Ukiah)
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Figure F-11a.  GEOLAB Adjustment Output (Free)



EM 1110-1-1003
1 Jul 03

F-24

Figure F-11b.  GEOLAB Adjustment Output (Free)
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Figure F-11c.  GEOLAB Adjustment Output (Free)
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Figure F-11d.  GEOLAB Adjustment Output (Free)
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Figure F-11e.  GEOLAB Adjustment Output (Free)
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Figure F-11f.  GEOLAB Adjustment Output (Free)
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Figure F-11g.  GEOLAB Adjustment Output (Free)
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Figure F-12a.  GEOLAB Adjustment Output (Constrained)
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Figure F-12b.  GEOLAB Adjustment Output (Constrained)
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Figure F-12c.  GEOLAB Adjustment Output (Constrained)
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Figure F-12d.  GEOLAB Adjustment Output (Constrained)
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Figure F-12e.  GEOLAB Adjustment Output (Constrained)
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Figure F-12f.  GEOLAB Adjustment Output (Constrained)
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Figure F-12g.  GEOLAB Adjustment Output (Constrained)


