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Executive Summary

The primary purpose of this project is to support the 3DEP mission and the Federal Emergency
management Agency (FEMA) Risk Mapping, Assessment and Planning (MAP) program for the
TX West Central 2018 D18Project Area.

The lidar data were processedand classified according to project specifications. Detailed
breaklines and bare-earth Digital Elevation Models (DEMs) were pr oduced for the project area.
Data was formatted according to tiles with each tile covering an area of1500m by 1500m. A total
of 50901 tiles were produced for the project encompassing an area of approximately42,557 sq.
miles.

THE PROJECT TEAM

Dewberry served as the prime contractor for the project. In addition to project management,
Dewberry was responsible for LAS classification, alllidar products, breakline production, Digital
Elevation Model (DEM) production, and quality assurance.

De wb e rGary D.sSimpson, L.S. completed ground surveying for the project and delivered

surveyed checkpoints. His task was to acquire surveyed checkpoints for the project to use in
independent testing of the vertical accuracy of the lidar -derived surface model. He ako verified

the GPS base station coordinates used durindidar data acquisition to ensure that the base station
coordinates were accurate.Please see Appendix A to view theseparate Survey Reportthat was
created for this portion of the project.

Airborne Imaging, AXIS, Eagle, LEG and Precision Aerial Reconnaissancecompleted lidar data
acquisition and data calibration for the project area.

SURVEY AREA
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The project area addressed by this report falls within the New Mexico counties of Chaves Lea and
Roosevet. Oklahoma counties of Bryan, Choctaw, Cotton, Crane, Jackson, Jefferson, Love,
Marshall and Tillman. Texas counties of Andrews, Baylor, Borden, Brown, Clay, Cochran, Coke,
Coleman, Concho,Cooke, Crosby, Dawson, Delta, Dickens, Ector, Fannin, Fisher, Gaies, Garza,
Glasscock, Grayson, Haskell, Hockley, Hopkins, Howard, Hunt, Irion, Kent, King, Knox, Lamar,
Lubbock, Lynn, Martin, Midland, Mitchell, Montague, Nolan, Reagan, Runnels,Scurry, Sterling,
Stonewall, Taylor, Terry, Tom Green, Upton, Wichita, Wilb arger, Winkler, Wise and Yoakum.

DATE OF SURVEY
The lidar aerial acquisition was conducted from February 1, 2018 thru May 6, 2018.

COORDINATE REFERENCE SYSTEM

Data produced for the project were delivered in the following reference system.
Horizontal Datu ~ m: The horizontal datum for the project is North American Datum of
1983 with the 2011 Adjustment (NAD 83 (2011))
Vertical Datum:  The Vertical datum for the project is North American Vertical Datum
of 1988 (NAVD88)
Coordinate System: UTM Zone 13, UTM 14 and UTM 15.
Units: Horizontal units are in meters, Vertical units are in meters.
Geiod Model : Geoid12B(Geoid 12Bwas used to convert ellipsoid heights to

orthometric heights).
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LIDAR VERTICAL ACCURACY

For the TX West Central QL2 Lidar Project, the tested RMSE; of the classified lidar data for
checkpoints in non-vegetatedterrain equaled 4.7 cm compared with the 10 cm specification; and
the NVA of the classified lidar data computed using RMSE; x 1.9600 was equal t09.1 cm,
compared with the 19.6 an specification.

For the TX West Central QL2 Lidar Project, the tested VVA of the classified lidar data computed
using the 95 percentile was equal to11.7 cm, compared with the 29.4 cm specification.

Additional accuracy information and statistics for the classifi ed lidar data, raw swath data, and
bare earth DEM data are found in the following sections of this report.

PROJECT DELIVERABLES
The deliverables for the project are listed below.

Classified Point Cloud Data (Tiled)

Bare Earth Surface (Raster DEMi1 IMG For mat)

Intensity Images (8 -bit gray scale, tiled, GeoTIFF format)

Breakline Data (File GDB)

Independent Survey Checkpoint Data (Report, Photos, & Points)
Calibration Points

Metadata

Project Report (Acquisition, Processing, QC)

Project Extents, Including a shapefile derived from the lidar d eliverable

WCoNoO~WNE
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PROJECT TILING FOOTP RINT

Fifty thousand nine hundred one (50901)t i | es wer e delivered forns the pr
1,500 meters by 1,500 meters

TX West Central QL2 LiDAR Project

I TR

- D Texas_West_Central_Buffered_Boundary

[ ] us counties
:utmzone
[ mite_crid

Figure 1- Project Map
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Li dAcquisition Report

Dewberry elected to subcontract the lidar acquisition and calibration activities to Precision
Aerial Reconnaissance (PAR)Airborne Imaging, AXIS Geospatial, LLC, Eagle Mapping Inc.,
Leading Edge Geomatics LEG), Aerial Services Inc (ASI), and Intermap. Airborne Imaging,
AXIS, Eagle, LEG, ASI, Intermap, and PAR were responsible for providing lidar acquisition,
calibration and delivery of lidar data files to Dewberry.

Dewberry received calibrated swath data from:

PAR on July 2, 2018.

Airborne Imaging on February 12 and March 6, 2018
AXIS on April 17, 2018

Eagle Mapping on May 6, 2018

LEG on February 1, 2018

ASI on April 4, 2018

Intermap on June 6, 2018

=4 =4 =8 =4 -8 -4 -9

Oklahoma

Axis Geospatial
Block 05

Eagle Mapping
Block 06

Block 11

Block 04

| AXis Geospatial
Eagle Mapping Block 10

Leading Edge Geomatics

Block 09

Figure 2 - Acquisition Map

=, |

PRECISION AERIAL REC ONNAISSANCE - DELIVERY BLOCK 01
Lidar Acquisition Details

Precision Aerial Reconnaissance (PAR)planned 213 passedor the project area as a series of

parallel flight lines with cross flightlines for the purpo ses of quality control. The flight plan

included zigzag flight line collection as a result of the inherent IMU drift associated with all IMU

systems. In order to reduce any margin for error in the flight plan, PARf ol | owed FEMAOS
Appendi x A fodflight plaading and, &t@ minimum, includes the following criteria:

1 Adigital flight line layout using LEICA MISSION PRO flight design software for
direct integration into the aircratft flight navigation system.
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9 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extended by a predetermined margin beyond all project borders to
ensure necessary overedge coverage appropriate for specific task order delverables.

9 Local restrictions related to air space and any controlled areas havebeen investigated
so that required permissions can be obtained in a timely manner with respect to
schedule. Additionally, PAR will file our flight plans as required by local Air Traffic
Control (ATC) prior to each mission.

PAR monitored weather and atmosph eric conditions and conducted lidar missions only when no
conditions exist below the sensor that will affect the collection of data. These conditions include
leaf-off for hardwoods, no snow, rain, fog, smoke, mist and low clouds. Lidar systems are active
sensors, not requiring light, thus missions may be conducted during night hours when weather
restrictions do not prevent collection. PAR accesses reliable weather sites and indicators
(webcams) to establish the highest probability for successful collection in order to position our
sensor to maximize successful data acquisition.

Within 72 -hours prior to the planned day(s) of acquisition, PAR closely monitored the weather,
checking all sources for forecasts at least twice daily. As soon as weather conditionsvere
conducive to acquisition, our aircraft mobilized to the project site to begin data collection. Once
on site, the acquisition team took responsibility for weather analysis.

PAR lidar sensors are calibrated at a designated site located at th&Shreveport Downtown
Airport in Shreveport, Louisiana and are periodically checked and adjusted to minimize
corrections at project sites.

Lidar System parameters

Precision Aerial Reconnaissance (PAR)operated a Cessha U206G (Tail # N799AC), Cessna 206
(Tail # 6461Z), Cessna 206 (Tail # 8646Q), each outfitted with a LEICA ALS70-HP LiDAR system
during the Texas West Central aerial survey.Table 1 illustrates PAR system parameters for lidar
acquisition on this project.

Item Parameter

System Leica ALS-70 HP
Altitude (A GL meters) 1800
Approx. Flight Speed (knots) 150
Scanner Pulse Rate (kHz) 151.7
Scan Frequency (hz) 53.4
Pulse Duration of the Scanner (hanoseconds) 9
Pulse Width of the Scanner (m) 0.2
Swath width (m) 1310.29
Central Wavelength of the Sensor Laser(nanometers) 1064
Did the Sensor Operate with Multiple Pulses in The Air?

(yes/no) Yes
Beam Divergence (milliradians) 0.22
Nominal Swath Width on the Ground (m) 1310.29
Swath Overlap (%) 30
Total Sensor Scan Angle (degree) 40
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Item Parameter

Computed Down Track spacing (m) per beam 1.22
Computed Cross Track Spacing (m) per beam 0.44
Nominal Pulse Spacing (single swath), (m) 0.7
Nominal Pulse Density (single swath) (ppsm), (m) 2
Aggregate NPS (m) (if ANPS was designed to be met

through single coverage, ANPS andNPS will be equal) 0.8
Aggregate NPD (m) (if ANPD was designed to be met

through single coverage, ANPD and NPD will be equal) 2
Maximum Number of Returns per Pulse

Table 1. PAR lidars ystem parameter s

Acquisition Status Report and Flightlines

Upon notification to proceed, the flight crew loaded the flight plans and validate d the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flight operations , the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acqui sition. The flight crew
constantly reviewed weather and cloud locations. Any flight lines impacted by unfavorable
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 3 shows the combined trajectory of the flightlines.
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Figure 3 : Traj ectories as flown by PAR Inc.

Lidar Control

Four existing NGS monuments were used tocontrol the lidar acquisition for the TX West
Central Lidar project area. The coordinates of all used base stations are provided in the table
below. All control and calibration points are also provided in shapefile format as part of the

final deliverables.
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NAD83 (2011) UTM Zone 13N .
. . Orthometric Ht
Name Ellipsoid Ht

(NAVD88 Geo0id12B ,
m) m)

- (NAD83 (2011)
Northing Y (m)

667162 3618897 1090.582 1112247

649159 3646875 1187.250 1209.130
648061 3647668 1190.967 1212.790
701811 3677398 1098.861 1121.187

Table 2 T Base stations used to control lidar acquisition for delivery block 01.

Airborne  GPS Kinematic

Airborne GPS dat was processed using the Inertial Explorer software suite. Flights were flown
with a minimum of 13 satellites in view (12° above the horizon) and with a PDOP of better than
3. Distances from base station to aircraft were kept to a maximum of 70km.

For all flights, the GPS data can be classified as excellent, no larger than 10cm being recorded.

GPS processing reports for each mission ara@ncluded in Appendix B.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to ve rify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Subsequently the mission points are output using Leica Cloud Pro, initially with default values
from Leica or the last mission calibrat ed for the system. Bayes StripAlign software (version
2.04B) was utilized for LIDAR calibration, assessment of calibration validity, and assessment of
point cloud alignment to control. If a calibration error greater than specification is observed
within th e mission, roll, pitch and scanner, scale corrections that need to be applied are
calculated. The missions with the new calibration values are regenerated and validated
internally once again to ensure quality.

Data collected by thelidar unit is reviewed for completeness, acceptable density and tanake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplementary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.
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Figure 4 1 Lidar swath output showing complete coverage for delivery block 01

Boresight and Relative accuracy

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration process until th e relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 3 regularly spaced QCblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Clor scale isadjusted so that errors greater than the
specifications are flagged. Cross sections are visudy inspected across each blockto validate
point to point, flight line to flight line and mission to mission agreement.
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For this project the specifications used are as follow:

Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.
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A different set of QC blocks are generated for final review after all transformations have been

applied.

Preliminary Vertical Accuracy Assessment
A preliminary RMSE ; error check is performed by PAR at this stage d the project life cycle in
theraw lidar dataset against GPS static and kinematic data and compared to RMSEproject

specifications. The lidar data is examined in non-vegetated flat areas away from breaks. Lidar

ground points for each flight line generated by an automatic classification routine are used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-

vegetated Vertical Accuracy (NVA)requirements (RMSE,O 1 0
dence | g

conf i

summary for the test:

The calibrated TX West central Lidar dataset was tested t00.098 m vertical accuracy at 95%
confidence level based on RMSE (0.050 m x 1.9600) when compared to 54 GPS static check

points.

Table 3 - Static GPS Vertical Accuracy Results.

evel

O 19.

cm) when

Unit Selection and Statistic Conversions

Map Units
Statistic

Minimum 8z =
Maximimum Az =

Average Magnitude =

Standard Deviation =
NVA(CAL) at 95% confidence =

Meters
Feet Meters
0.015 0.005

-0.423 -0.129 |

0330 0.101

-0.006 -0.002 |
0967 -0.295 |

0.130 0.040
0.164 0050
0.163 0.050
0321 0098

Maximum Absolute Accuracy = 0.623 0.190 |

compared

The following are the final statistics for the GPS static checkpoints used byPAR to internally
verify vertical accuracy.

PAR-1

PAR-2
PAR-4
PAR-3
PAR-5

PAR-6
PAR-7
PAR-8
PAR-9

682645.854
697984.308
697607.639
682859.720
683035.863
698141.617
683052.252
699004.805
667738.867

3552494.250
3557899.145
3567492.714
3567716.148
3584733.906
3584887.125
3598559.719
3598897.442
3612590.620

NADS83 (2011) UTM Zone 13N NAVD88 (Geoid 12B)
Known Z (M
%) )

940.145
974.051
996.976
989.089
1031.352
1025.520
1077.000
1034.185
1103.977

Laser Z

(M)

940.187
974.101
997.022
989.189
1031.432
1025.569
1077.036
1034.230
1103.969

Delta Z

0.042
0.049
0.046
0.101
0.080
0.049
0.036
0.045
-0.008

t

cm an,dtthA@s%ur acy

(0]

st at
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PAR-11
PAR-10
PAR-12
PAR-14
PAR-15
PAR-13
PAR-16
PAR-17
PAR-18
PAR-20
PAR-22
PAR-19
PAR-21
PAR-23
PAR-25
PAR-27
PAR-29
PAR-24
PAR-26
PAR-28
PAR-32
PAR-33

PAR-34
PAR-35
PAR-30
PAR-31
PAR-40
PAR-39
PAR-36
PAR-37
PAR-38
PAR-41
PAR-42

100 % of

Totals

Non-
Vegetated
Terrain

# of
Points

698849.953
683067.006
636975.595
668137.780
681260.593
651844.858
698233.262
624219.766
638056.184
667175.819
698103.783
652595.847
682428.044
607961.944
636771.362
666733.263
698127.297
621619.600
651846.826
682699.595
653596.429
666444.859
680791.856
698551.452
611796.571
637249.813
669463.382
653392.543
611767.073
623264.500
637642.706
682903.613
698222.912

54

RMSEz (m)
NVA
Spec=0.1m m

0.050

3612140.435 1041.215
3613617.962 1082.856

3628993.318 1225.688

3628855.039 1127.953
3628711.420 1108.466
3629361.957 1177.336
3629305.489 1064.295

3643681.470 1291.098
3644395.843 1242.739
3644159.722 1151.044
3643899.435 1083.808

3644690.162 1195.530
3645236.631 1119.009
3655336.805 1352.710
3659163.268 1261.979
3659459.405 1171.052
3659037.879 1103.355
3659779.487 1309.728

3660040.461 1213.939
3660335.711 1135.874
3674821.830 1223.660

3674753.081 1189.760
3674813.861 1158.652
3674240.084 1118.731
3675412.801 1350.181
3675664.665 1273.286
3686143.474 1193.312
3689055.683 1241.237
3689695.354 1357.572
3690036.603 1318.340
3689961.906 1275.264
3689529.266 1172.106
3689812.578 1142.724

Table 4 - Static GPS Points.

NVA at 95%
Spec=0.196

0.098 0.002

Mean
(m)

1041.205
1082.809
1225.689
1127.907
1108.556
1177.280
1064.345
1291.181
1242.828
1151.037
1083.854
1195.553
1119.028
1352.694
1262.008
1171.093
1103.324
1309.728
1213.884
1135.909
1223.630
1189.723
1158.635
1118.726
1350.130
1273.342
1193.318
1241.231
1357.484
1318.211
1275.253
1172.116
1142.718

-0.010
-0.047
0.001
-0.046
0.089
-0.056
0.050
0.083
0.089
-0.008
0.046
0.023
0.019
-0.016
0.029
0.041
-0.031
0.001
-0.055
0.036
-0.030
-0.037
-0.017
-0.005
-0.051
0.057
0.007
-0.006
-0.088
-0.129
-0.011
0.010
-0.006

Std Min Max
Dev | (m) )
)

0.005 -0.129

Table 5- Static GPS Vertical Accuracy Results for delivery block 01.

0.101
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Overall the calibrated lidar data products collected by PAR meet or exceed the requirements set
out in the Statement of Work. The quality control requirements of PAR quality management
program were adhered to throughout the acquisition stage for this project to ensure product
quality.

AIRBORNE IMAGI NE- DELIVERY BLOCK 02 AND 03

Lidar Acquisition Details

Airborne Imaging planned 112passesfor the project area as a series of parallel flight lines with

cross flightlines for the purposes of quality control. The flight plan included zigzag flight line

collection as a result of the inherent IMU drift associated with all IMU systems. In order to

reduce any margin for error in the flight plan, Airborne Imagingf ol | owed FEMAOGs Appen
figui delinesdo for flight planninggaierd, at a mini mu

9 Adigital flight line layout using LEICA MISSION PRO flight design software for
direct integration into the aircraft flight navigation system.

1 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extended by a predeternmed margin beyond all project borders to
ensure necessary overedge coverage appropriate for specific task order delverables.

9 Local restrictions related to air space and any controlled areas have been investigated
so that required permissions can be obtaned in a timely manner with respect to

schedule. Additionally, Airborne Imaging will file our flight plans as required by local Air
Traffic Control (ATC) prior to each mission.

Airborne Imagery monitored weather and atmospheric conditions and conducted lidar missions
only when no conditions exist below the sensor that will affect the collection of data. These
conditions include leaf -off for hardwoods, no snow, rain, fog, smoke, mist and low clouds. Lidar
systems are active sensors, not requiring light, thus missions may be conducted during night
hours when weather restrictions do not prevent collection. Airborne Imagery accesses reliable
weather sites and indicators (webcams) to establish the highest probability for successful
collection in order to positi on our sensor to maximize successful data acquisition.

Within 72 -hours prior to the planned day(s) of acquisition, Airborne Imaging closely monitored
the weather, checking all sources for forecasts at least twice daily. As soon as weather conditions
were conducive to acquisition, our aircraft mobilized to the project site to begin data collection.
Once on site, the acquisition team took respansibility for weather analysis.

Airborne Imaging lidar sensors are calibrated at a designated site locatedit Red Dee, Alberta,
Canada or St. Hubert, Quebec, Canada and are periodically checked and adjusted to minimize
corrections at project sites.

Lidar System parameters

Airborne Imaging operated aPiper PA-31 Navajo (Tail # G-FFRY, and # N-44RL) outfitted with
a Riegl Q-1560 lidar system during the collection of the study area. Table 6 illustrates Airborne
Imaging system parameters forlidar acquisition on this project.
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Item Parameter

System Riegl LMS-Q1560
Altitude (AGL meters) 2000
Approx. Flight Speed (knots) 150
Scanner Pulse Rate (kHz) 800
Scan Frequency (hz) 185
Pulse Duration of the Scanner (nanoseconds) 3
Pulse Width of the Scanner (m) 0.9
Swath width (m) 2241
Central Wavelength of the Sensor Laser (nanometers) 1064
Did the Sensor Operate with Multiple Pulses in The Air?
(yes/no) Yes
Beam Divergence (milliradians) 0.25
Nominal Swath Width on the Ground (m) 2241
Swath Overlap (%) 30
Total Sensor Scan Angle (degree) 60
Computed Down Track spacing (m) per beam 0.85
Computed Cross Track Spacing (n) per beam 0.85
Nominal Pulse Spacing (single swath), (m) 0.7
Nominal Pulse Density (single swath) (ppsm), (m) 2
Aggregate NPS (m) (if ANPS was designed to be met
through single coverage, ANPS and NPS will be equal) 0.7
Aggregate NPD (m) (if ANPD wasdesigned to be met
through single coverage, ANPD and NPD will be equal)
Maximum Number of Returns per Pulse

Table 6: Airborne Imaging lidars ystem parameter s

Acquisition Status Report and Flightlines

Upon notification to proceed, the flight crew loaded the flight plans and validate d the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flight operations , the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acqui sition. The flight crew
constantly reviewed weather and cloud locations. Any flight lines im pacted by unfavorable
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 7 shows the combined trajectory of the flightlines.
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Figure 7: Trajectories as flown by Airborne  Imaging.

Lidar Control

Seven Continuous Opeuting Reference Stations (CORS) were used to control the LIDAR
acquisition for the Brownfield LIiDAR project area. The coordinates of all used base stations are
provided in the table 7 below. All control and calibration points are also provided in shapefile
format as part of the final deliverables.
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NAIDIES (L) D] 4 . Orthometric Ht
Name Ellipsoid Ht

(NAVD88 Geo0id12B ,
m) m)

(NAD83 (2011) ,

731272.142 3577227.206 947.962 971.461
744975.701 3758490.343 1072.702 1097.294
786307.460 3628966.290 892.759 916.881
793194.360 3715110.976 957.122 981.962
707543.355 3735341.408 1126.648 1149.976
703419.357 3673602.278 1090.800 1113.110
722158.860 3621819.740 978.869 1001.469

Table 7 T Base stations used to control lidar acquisition

Airborne  GPS Kinematic

Airborne GNSS data was processed using the Applanix POSPac MMS software suite with

Smart Base and Novatel 6s Graf Nav s ouUmoibasateditesir-l i ght s
view (13° above the horizon) and with a PDOP of better than 4. Distances from at least one base

station to aircraft were kept to a maximum of 45km.

For all flights, the GPS data can be classified as excellent, with GPS residuals of 8m average or
better but no larger than 10 cm being recorded.

GPS processing reports for each mission are includedn Appendix C.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to verify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Subsequently the mission points are output usingRi e gl 6 s Ritiafyrwithcdefauls values
calibration for the system. The initial point generation for eachmission calibration is verified
within Microstation/Terrascan for calibration errors. If a calibration error greater than
specification is observed within the mission, the roll , pitch and scanner scale corrections that
need to be applied are calculated. Thke missions with the new calibration values are regenerated
and validated internally once again to ensure quality.

Data collected by thelidar unit is reviewed for complete ness, acceptable density and tanake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplementary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.
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Figure 871 Lidar swath output showing complete coverage of B lock 02 and 03
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Figure 97 Lidar swath output showing complete coverage for delivery blocks 2 and 3

Boresight and Relative accuracy

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration process until the relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 3 regularly spaced QCblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Color scalés adjusted so that errors greater than the
specifications are flagged. Cross sections are visudy inspected across each blockio validate
point to point, flight line to flight line and mission to mission agreement.
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For this project the specifications used are as follow:

Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

Figure 1071 Profile views showing correct roll and pitch adjustments.
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Figure 117 QC block colored by  distance to ensure accuracy at swath edges.

A different set of QC blocks are generated for final review after all transformations have been
applied.

Preliminary Vertical Accuracy Assessment

A preliminary RMSE ; error check is performed by Airborne Imaging at this stage o the project
life cycle in the raw lidar dataset against GPS static and kinematic data and compared to RMSE
project specifications. Thelidar data is examined in non-vegetated, flat areas away from breaks.
Lidar ground points for each flig ht line generated by an automatic classification routine are
used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-

vegetated Vertical Accuracy (NVA)requirements (RMSE;O 10 c¢cm an.dttha@eur acy
confidence | evel O 19.6 cm) when compared to static
summary for the test:

The calibrated TX West Central Lidar dataset was tested t00.096 m vertical accuracy at 95%
confidence level based on RMSE (0.49 m x 1.9600) when compared to over 5000 GNSS
kinematic checkpoints.

The following are the final statistics for the GNSS kinematic checkpoints used by Airborne
Imaging to internally verify vertical accuracy.
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100 % of # of RMSEz (m) NI ft <% Mean Std Min Max
Totals Points MR SPECLIED (m) DSy (m) ()
Spec=0.1m m ()

Non-
Vegetated 5172 0.049 0.096 -0.010 0.048 -0.258 0.176
Terrain

Table 8 - Static GPS Vertical Accuracy Results

Overall the calibrated lidar data products collected by Airborne Imaging meet or exceed the
requirements set out in the Statement of Work. The quality control requirements of Airborne
Imaging quality management program were adhered to throughout the acquisition stage for this
project to ensure product quality.

AXIS GEOSPATIAL - DELIVERY BLOCK 04 AN D 05

Lidar Acquisition Details

AXIS Geospatial, LLC planned 275 passedor the project area as a series of parallel flight lines

with cross flightlines for the purposes of quality control. The flight plan include d zigzag flight

line collection as a result of the inherent IMU drift associated with all IMU systems. In order to

reduce any margin for error in the flight plan, AXIS Geospatial, LLCf ol | owed FEMAO®Gs App
A fAiguidelineso f or fihimughncludpsithe foliowinggritesian d, at a m

1 Adigital flight line layout using TrackAir flight design software for direct integration
into the aircraft flight navigation system.

1 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extexded by a predetermined margin beyond all project borders to
ensure necessary overedge coverage appropriate for specific task order delverables.

1 Local restrictions related to air space and any controlled areas have been investigated
so that required permissions can be obtained in a timely manner with respect to
schedule. Additionally, AXIS Geospatial, LLC will file our flight plans as required by local
Air Traffic Control (ATC) prior to each mission.

AXIS Geospatial, LLC monitored weather and atmospheric conditions and conducted lidar
missions only when no conditions exist below the sensor that will affect the collection of data.
These conditions include leaf-off for hardwoods, no snow, rain, fog, smoke, mist and low clouds.
Lidar systems are active sensgs, not requiring light, thus missions may be conducted during
night hours when weather restrictions do not prevent collection. AXIS Geospatial, LLC accesses
reliable weather sites and indicators (webcams) to establish the highest probability for
successfu collection in order to position our sensor to maximize successful data acquisition.

Within 72 -hours prior to the planned day(s) of acquisition, AXIS Geospatial, LLC closely
monitored the weather, checking all sources for forecasts at least twice daily. A soon as weather
conditions were conducive to acquisition, our aircraft mobilized to the project site to begin data
collection. Once on site, the acquisition team took responsibility for weather analysis.

AXIS Geospatial, LLClidar sensors are calibratedat a designated site located at theEaston
Airport in Easton, Maryland and are periodically checked and adjusted to minimize corrections
at project sites.
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Lidar System parameters

AXIS Geospatial, LLC operated a Cessna206H single engine aircraft (Tail # N223TC) and
operating a Riegl VQ 1560i Lidar sensor during the collection of the study area. Table9 illustrates
AXIS Geomatics, LLC system parameters forlidar acquisition on this project.

Item Parameter

System Riegl VQ-Q1560i
Altitude (AGL meters) 5700
Approx. Flight Speed (knots) 147
Scanner Pulse Rate (kHz) 1000
Scan Frequency (hz) 201
Pulse Duration of the Scanner (hanoseconds) 3
Pulse Width of the Scanner (m) 43
Swath width (m) 1947
Central Wavelength of the Sensor Laser (hanometers) 1064
Did the Sensor Operate with Multiple Pulses in The Air?

(yes/no) Yes
Beam Divergence (milliradians) .25
Nominal Swath Width on the Ground (m) 1947
Swath Overlap (%) 15
Total Sensor Scan Angle (degree) 58
Computed Down Track spacing (m) per beam 0.55
Computed Cross Track Spacing (m) per beam 0.55
Nominal Pulse Spacing (single swath), (m) 0.7
Nominal Pulse Density (single swath) (ppsm), (m) 2
Aggregate NPS (m) (if ANPS was designed to be met

through single coverage, ANPS and NPS will be equal) 0.7
Aggregate NPD (m) (if ANPD was designed to be met

through single coverage, ANPD and NPD will be equal) 2
Maximum Number of Returns per Pulse 15

Table 9: AXIS Geospatial, LLC  lidars ystem parameter s

Acquisition Status Report and Flightlines

Upon notificat ion to proceed, the flight crew loaded the flight plans and validate d the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flight operations , the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acqui sition. The flight crew
constantly reviewed weather and cloud locations. Any flight lines impacted by unfavorab le
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 12 shows the combined trajectory of the flightlines.
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Figure 12: Trajectories as flown by A XIS Geospatial, LLC.

Lidar Control
NGS CORS, Texas DOT, and Leic&martnet Base Stations were used to control the lidar
acquisition for the TX West Central Lidar project area.

NAD83 (2011) UTM 13
Name E||IpSOId Ht
(NAD83 (2011) , m)
Easting X (m) Northi ngY (m)

703418 3673603 1089.754
707542 3735342 1125.576
744975 3758491 1071.640
746301 3720337 1052.166
753390 3672900 990.369




NAD83 (2011) UTM 14
(NAD83 (2011) , m)
Easting X (m) Northing Y (m)

309741 3524641 6279.312
380919 3764270 533.175
278112 3674045 767.614
236007 3714266 956.030
224200 3628669 891.650
248585 3824746 1034.855
287472 3817154 975.732
330762 3764966 707.928
239386 3674784 920.282
278666 3728367 924.206
248922 3782141 1006.097
330230 3721932 762.791
235167 3559537 801.531

Airborne  GPS Kinematic

Airborne GPS data was processed using th®osPacMobile Mapping System (MMS) version 8.1
software suite. Flights were flown with a minimum of 6 satellites in view (13° above the horizon)
and with a PDOP of better than 4. Distances from base station to aircraft were kept to a
maximum of 40 km.

For all flights, the GPS data can be classified as excellent, with GPS reduals of 3 cm average or
better but no larger than 10 cm being recorded.

GPS processing reports for each mission are includedn Appendix D.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to verify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Subsequently the mission points are outputusingRi e g | 6 s Ritiafyrwithdefails values
from Riegl or the last mission calibrated for the system. The initial point generation for each
mission calibration is verified within Microstation/Terrascan for calibration errors. Ifa
calibration error greater than specification is observed within the mission, the roll , pitch and
scanner scale corrections hat need to be applied are calculated. The missions with thenew
calibration values are regenerated and validated internally once again to ensurequality.

Data collected by thelidar unit is reviewed for complete ness, acceptable density and tanake
sure dl data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplementary coverage check is carried out teensure no data voids
unreported by Field Operations are present.
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Figure 1371 Lidar swath output showing complete coverage of Block 04 .
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Figure 147 Lidar swath output showing complete coverage

of B lock 05 .
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Figure 1571 Lidar swath output sho wing complete coverage  for delivery block s 04 and 05 .

Boresight and Relative accuracy

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration process until the relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 3 regularly spaced QCblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Color scale iadjusted so that errors greater than the
specifications are flagged. Cross sections are visuéy inspected across each blockto validate
point to point, flight line to flight line and mission to mission agreement.
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For this project the specifications used are as follow:

Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

Figure 167 Profile views showing correct roll and pitch adjustments.
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Figure 177 QC block colored by distance to ensure accuracy at swath edges.

A different set of QC blocks are generated for final review after all transformations have been
applied.

Preliminary Vertical Accuracy Assessment

Delivery Block 04

A preliminary RMSE ; error check is performed by Axis Geospatial, LLCat this stage d the
project life cycle in the raw lidar dataset against GPSstatic and kinematic data and compared to
RMSE; project specifications. Thelidar data is examined in non-vegetated flat areas away from
breaks. Lidar ground points for each flight line generated by an automatic classification routine
are used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-

vegetated Vertical Accuracy (NVA)requirements (RMSE;O 10 cm an,@dttha@eur acy
confidence | evel O 19.6 c¢cm) when compaBelewisa o

summary for the test:

stat
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The calibrated TX West Central Lidar dataset was tested t00.114m vertical accuracy at 95%
confidence level based on RMSE (0.058 m x 1.9600) when compared to 10 GPS static check
points.

The following are the final stati stics for the GPS static checkpoints used byAxis Geospatial, LLC
to internally verify vertical accuracy.

NAVDS88
Number _ (Geoid 12B) Laser Z (M) Delta Z
Easting X (M) Northing Y (M) Known Z (M)

785429.823 3441396.799 711.624 711.64 0.016
765181.588 3447019.832 742.686 742.67 -0.016
781415.592 3473099.227 825.207 825.24 0.033
757953.554 3487023.014 809.163 809.17 0.007
783351.954 3512569.571 831.555 831.57 0.015
748221.385 3510424.843 902.972 902.93 -0.042
716983.479 3506247.2 877.593 877.61 0.017
707816.305 3532064.987 974.587 974.65 0.063
7447787 3527940.104 891.989 891.96 -0.029
781959.929 3534165.038 828.094 828.12 0.026
712602.779 3540313.901 1010.84 1010.88 0.04

736504.546 3544101.849 934.587 934.6 0.013
772572.614 3544035.273 861.881 861.9 0.019
704251.355 3556741.449 1008.25 1008.33 0.08

750402.601 3561817.166 911.802 911.78 -0.022
774674.288 3552826.924 857.942 857.96 0.018
709492.84 3571532.104 1002.04 1002.08 0.042
731975.104 3575358.694 967.802 967.76 -0.042
759402.374 3573391 901.449 901.45 0.001
779549.438 3575733.808 854.589 854.61 0.021
708812.849 3584879.666 1004.3 1004.27 -0.029
728649.539 3586326.699 973.651 97355 -0.101
766283.694 3579554.118 894.965 894.8 -0.165
702280.105 3595115.707 1023.98 1024.11 0.134
735043.699 3598713.253 954.517 954.49 -0.027
774765.369 3596250.155 889.957 890.01 0.053
780836.598 3498148.413 857.418 857.28 -0.138
755476.253 3468798.377 859.636 859.61 -0.026
759581.122 3539048.392 888.672 888.68 0.008
738972.626 3558435.214 929.198 929.17 -0.028
773046.502 3455812.098 810.387 810.38 -0.007
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AXG32 766943.657 3499752.643 881.478 881.39 -0.088

AXG33 758201.136 3440103.379 701.622 701.64 0.018

Table 10 - Static GPS Points

0,

100 % of # of RMSEz (m) SIS i‘t <o Mean Std Min Max

Totals Points A SIEEO (m) DI (m) (m)

Spec=0.1m m ()
Non-

Vegetated 33 0.058 0.114 -0.004 0.058 -0.165 0.134

Terrain

Table 11- Static GPS Vertical Accuracy Results for delivery block 04.

Overall the calibrated lidar data products collected by Axis Geospatial, LLC meet or exceed the
requirements set out in the Statement of Work. The quality control requirements of Axis
Geospatial quality management program were adhered to throughout the acquisition stage for
this project to ensure product quality.

Delivery Block 05

A preliminary RMSE ; error check is performed by Axis Geospdial, LLC at this stage d the
project life cycle in the raw lidar dataset against GPS static and kinematic data and compared to
RMSE; project specifications. The lidar data is examined in non-vegetated, flat areas away from
breaks. Lidar ground points for each flight line generated by an automatic classification routine
are used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-

vegetated Vertical Accuracy (NVA)requirements (RMSE;O 10 c¢cm an.dttha@eur acy
confidence level O 19.6 c¢cm) when compared to stat
summary for the test:

The calibrated TX West Central Lidar dataset was tested t00.099 m vertical accuracy at 95%
confidence level based on RMSE (0.051m x 1.9600) when compared to 10 GPS static check
points.

The following are the final statistics for the GPS static checkpoints used byAxis Geospatial, LLC
to internally verify vertical accuracy.

NAVD88
Number (Geoid 12B) Laser Z ( M) Delta Z
Easting X (M) Northing Y (M) Known Z (M)

GCP1 227621.642 3736900.108 1018.197 1018.19 -0.007

GCP2 245231.501 3737303.218 999.31 999.42 0.11
GCP3 259516.26 3737174.887 976.094 976.11 0.016
GCP4 278800.386 3735898.745 955.413 955.4 -0.013
GCP5 292376.207 3741559.789 871.471 871.64 0.169
GCP6 229164.411 3719277.881 988.8 988.81 0.01
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246479.966 3720367.287 962.744 962.7 -0.044
260251.307 3720239.121 952.396 952.38 -0.016
277878.484 3719599.564 935.945 935.92 -0.025
292338.856 3719646.411 915.859 915.86 0.001
228296.447 3704670.593 992.925 992.89 -0.035
243274.362 3704316.31 959.607 959.58 -0.027
259963.849 3708951.683 932.291 932.22 -0.071
278021.847 3705096.694 847.641 847.67 0.029
295396.518 3706613.436 809.64 809.67 0.03
228953.74 3691311.673 986.872 986.83 -0.042
245955.458 3690291.927 952.579 952.56 -0.019
258752.7 3687750.599 916.101 916.17 0.069
277241.879 3688730.113 768.868 768.82 -0.048
290567.328 3689812.911 738.188 738.2 0.012
228505.266 3673564.528 962.303 962.29 -0.013
244772.878 3673018.12 935.099 935.1 0.001
257952.802 3672742.729 903.686 903.69 0.004
278041.981 3674385.097 793.94 793.89 -0.05
291388.849 3676448.133 721.606 721.62 0.014

100 % of RMSEz (m) NVA ilt 95% Mean Std Min Max
Totals Points hA SEEE0A (m) DS (m) (m)
Spec=0.1m ()
Non-
Vegetated 0.051 0.099 0.002 0.052 0.169
Terrain

Table 12 - Static GPS Points

Table 13 - Static GPS Vertical Accuracy Results

for delivery BI

ock 05.

Overall the calibrated lidar data products collected by Axis Geospatial, LLC meet or exceed the
requirements set out in the Statement of Work. The quality control requirements of Axis
Geospatial quality management program were adhered to throughout the acquisition stage for
this project to ensure product quality.

EAGLE MAPPING - DELIVERY BLOCK 06, 07,08, AN D 14

Lidar Acquisition Details

Eagle Mapping Inc. planned 346 passesfor the project area as a series of parallel flight lines

with cross flightlines for the purposes of quality control. The flight plan included zigzag flight

line collection as a result of the inherent IMU drift associated with all IMU systems. In order to

reduce any margin for error in the flight plan, Eagle MappingInc.f ol | owed FEMAOGs Appe
Agui delineso for flight planning and, at a mini mu



TX West Central QL2 Lidar Project
TO# 140G0218F0072

July 29, 2019

Page38 of 184

1 Adigital flight line layout using T r a c k fightAasign softw are for direct
integration into the aircraft flight navigation system.

1 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extended by a predetermined margin beyond all project borders to
ensure necessary overedge coverage appropiate for specific task order deliverables.

9 Local restrictions related to air space and any controlled areas have been investigated
so that required permissions can be obtained in a timely manner with respect to
schedule. Additionally, Eagle Mapping Inc. will file our flight plans as required by local

Air Traffic Control (ATC) prior to each mission.

Eagle mapping Inc. monitored weather and atmospheric conditions and conducted lidar
missions only when no conditions exist below the sensor that will affect the collection of data.
These conditions include leaf-off for hardwoods, no snow, rain, fog, smoke, mist and low clouds.
Lidar systems are active sensors, not requiring light, thus missions may be conducted during
night hours when weather restrictions do not prevent collection. Eagle Mapping Inc. accesses
reliable weather sites and indicators (webcams) to establish the highest probability for
successful collection in order to position our sensor to maximize successful data acquisition.

Within 72 -hours prior to the planned day(s) of acquisition, Eagle Mapping Inc. closely

monitored the weather, checking all sources for forecasts at least twice daily. As soon as weather
conditions were conducive to acquisition, our aircraft mobilized to the project site to begin data
collection. Once on site, the acquisition team took responsibility for weather analysis.

Eagle Mapping Inc. lidar sensors are calibrated at a designated site located at thehilliwack
reginal Airport in Chilliwack BC, Canada and are periodically checked and adjusted to minimize
corrections at project sites.

Lidar System parameters
A Riegl LMS-Q1560 dualchannel LIiDAR system was used for acquisition of the LiDAR data. This
system was installed in a Piper Navajo aircraft (Tail # N732JE) operated by Peregine Aerial
Surveys out of Abbotsford, BC.Table 14illustrates Eagle Mapping Inc. system parameters forlidar
acquisition on this project.

Item Parameter

System Riegl LMS-Q1560
Altitude (AGL meters) 2000
Approx. Flight Speed (knots) 150
Scanner PulseRate (kHz) 800
Scan Frequency (hz) 183
Pulse Duration of the Scanner (nanoseconds) 3
Pulse Width of the Scanner (m) 0.9
Swath width (m) 2217
Central Wavelength of the Sensor Laser (hanometers) 1064
Did the Sensor Operate with Multiple Pulses in The Air?

(yes/no) Yes
Beam Divergence (milliradians) <0.25
Nominal Swath Width on the Ground (m) 2217
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Item Parameter

Swath Overlap (%) >25
Total Sensor Scan Angle (degree) 58
Computed Down Track spacing (m) per beam 0.77
Computed Cross Track Spacing (m) per beam 0.77
Nominal Pulse Spacing (single swath), (m) 0.77
Nominal Pulse Density (single swath) (ppsm), (m) 2
Aggregate NPS (m) (if ANPS was designed to be met

through single coverage, ANPS and NPS will be equal) 0.7
Aggregate NPD (m) (if ANPD was designed to bemet

through single coverage, ANPD and NPD will be equal) 2
Maximum Number of Returns per Pulse 15

Table 14: Eagle mapping Inc.  lidar s ystem parameter s

Acquisition Status Report and Flightlines

Upon notification to proceed, the flight crew loaded the flight plans and validated the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flig ht operations, the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acqui sition. The flight crew
constantly reviewed weather and cloud locations. Any flight lines impacted by unfavorable
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 18 shows the combined trajectory of the flightlines.
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Delivery Bl ock 06

Lidar Control

Eagle Mapping deployed static GPS base stations during the acquisition of the TX West Central
project for Block 06 . Considerations were made for location access and clear visibility of the
horizon. Static sessions were recorded at 1 K samples for the highest quality post processed
solution. These static base sessions were then incorporated during the kinematic post
processing of aircraft position. Additionally, CORS stations at 5 Hz were used to create an
Applanix SmartBase for post-processing. This ensured that baseline length during acquisition
was with the 35 mile specification required for this project. The coordinates of these base
stations are provided in the table 15below. All control and calibration points are also provided
in shapefile format as part of the final deliverables.

NAD83 (2011) UTM 13
Name E||IpSOId Ht
(NAD83 (2011) , m)
Easting X (m) Northing Y (m)

763925 3537314 846.827
731272 3577227 947.963
751185 3479481 755.550
678964 3524548 849.099
754101 3529558 857.221

Figure 18: Trajectories as flown by Eagle Mapping Inc.
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NAD83 (2011) UTM 14
(NAD83 (2011) , m)
Easting X (m) Northing Y (m)

2000 317476 3619761 711.772
TXLA 224201 3628668 892.759
TXLU 236008 3714265 957.122
TXMT 330763 3764965 709.029
TXP1 278113 3674044 768.729
TXSC 309742 3524640 680.437
TXSO 235168 3559537 802.648

Table 1571 Base stations used to control lidar acquisition for Block 06.

Airborne GPS Kinematic

Airborne GPS data was processed using the Applanix PosPAC v8.2 softwarguite and utilized a
SmartBase trajectory solution. Flights were flown with a minimum of 7 satellites in view (12°
above the horizon) and with a PDOP of better than 3. Distances from base station to aircraft
were kept to a maximum of 35 miles.

For all fli ghts, the GPS data can be classified as excellent, with GPS residuals of@3n average or
better but no larger than 10 cm being recorded.

GPS processingreports for each mission are included in Appendix E.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to verify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Subsequently the mission points are output usingRi e g1 6 s , Ritiafyrwithadefauls values
from Riegl or the last mission calibrated for the system. The initial point generation for each
mission calibration is verified within Microstation/Terrascan for calibration errors. If a
calibration error greater than specification is observed with in the mission, the roll , pitch and
scanner scale corrections that need to be applied are calculated. The missions with thanew
calibration values are regenerated and validated internally once again to ensurequality.

Data collected by thelidar unit is r eviewed for completeness, acceptable density and tanake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplementary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.
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Figure 197 Lidar swath output showing complete coverage for delivery B lock 06 .

Boresight and Relative accuracy

The initial p oints for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration processuntil the relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 2 regularly spaced QCblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are dispayed. Color scale isadjusted so that errors greater than the
specifications are flagged. Cross sections are visudy inspected across each blockio validate
point to point, flight line to flight line and mission to mission agreement.
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For this project the specifications used are as follow:
Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

e r—

OV 3, A A e g e

Figure 20 i Profile view showing correct roll and pitch adjustments.

-

Figure 2171 QC block colored by distance to ensure accuracy at swath edges.

A different set of QC blocks are generated for final review after all transformations have been
applied.

Preliminary Vertical Accuracy Assessment

A preliminary RMSE ; error check is performed by Eagle Mapping Inc. at this stage d the project
life cycle in the raw lidar dataset against GPS static and kinematic data and compared to RMSE
project specifications. Thelidar data is examined in non-vegetated flat areas away from breaks.
Lidar ground points for each flight line generated by an automatic classification routine are
used.
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Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-
vegetated Vertical Accuracy (NVA)requirements (RMSE;O 10 ¢ m aay.dt thA 85&u r
confidence level O 19.6 c¢cm) when compared to
summary for the test:

stat

The calibrated TX West Central Lidar dataset was tested t00.021 m vertical accuracy at 95%
confidence level based on RMSE (0.41m x 1.9600) when compared to 21 GPS static check
points.

The following are the final statistics for the GPS static checkpoints used byEagle Mapping Inc.
to internally verify vertical accuracy.

*** GCPs 24 & 25 were located outside the project boundary and not covered
Table 16 - Static GPS Points

** GPSs 23 & 34 omitted from reporting as > 3

-sigma outliers.

NAVD88
NADS83 (2011) UTM 14 (Geoid 12B )
Number T— Laser Z (m) Delta Z
: orthing
Easting X (m) (m)

228505.266 3673564.530 962.303 962.280 -0.023
244772.878 3673018.120 935.099 935.110 0.011
257952.802 3672742.730 903.686 903.780 0.094*
278041.981 3674385.097 793.940 outside** N/A
291388.849 3676448.133 721.606 outside** N/A
228001.548 3657484.530 942.753 942.750 -0.003
244316.163 3656852.960 916.523 916.530 0.007
275671.003 3657466.700 745.664 745.650 -0.014
293561.741 3659315.090 692.967 693.000 0.033
258142.259 3657882.570 879.664 879.690 0.026
230342.624 3641106.910 916.065 916.070 0.005
244575.171 3644392.650 912.528 912.540 0.012
255323.976 3640324.970 901.863 901.840 -0.023
274206.893 3638491.160 758.477 758.590 0.113*
290739.114 3639805.340 812.575 812.530 -0.045
229014.983 3625918.890 905.778 905.790 0.012
243983.907 3626101.780 890.061 890.020 -0.041
260121.407 3628562.610 793.477 793.480 0.003
275015.449 3628545.610 756.268 756.260 -0.008
292709.454 3625590.190 734.155 734.170 0.015
226713.245 3608873.430 871.399 871.380 -0.019
241052.92 3611029.840 872.986 872.980 -0.006
256847.161 3609606.550 775.726 775730 0.004
291881.796 3612345.980 716.507 716.530 0.023
278456.438 3604645.660 749.731 749.760 0.029

by this Lidar collection.
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RMSEz (m) NVA at 95% S

100 % of # of Mean Min Max
. (NAVZAY Spec=0.196 Dev
Totals Points Spec= 0.1 m m (1) m) (m) (10)
Non-
Vegetated 21 0.021 0.041 0.017 0.022 -0.045 0.033
Terrain

Table 17 - Static GPS Vertical Accuracy Results for delivery block 6.

Delivery Block 07 and 08

Lidar Control

Eagle Mapping deployed static GPS base stations during the acquisition of the TX West Central
project for Block 07 & 08. Considerations were made for location access and clear visibility of
the horizon. Static sessions were recorded at 1 Hz samples for the highest quality post processed
solution. These static base sessions were then incorporated during the kinematic post
processing of aircraft position. Additionally, CORS stations at 5 Hz were used to create an
Applanix SmartBase for post-processing. This ensured that baseline length during acquisition
was with the 35 mile specification required for this project. The coordinates of these base
stations are provided in the table 18 below. All control and calibration points are also provided
in shapefile format as part of the final deliverables.

NADS83 (2011) UTM 13
Ellipsoid Ht
(NAD83 (2011), m)
Easting X (m) Northing Y (m)

763925 3537314 846.827
731272 3577227 947.963
751185 3479481 755.550
678964 3524548 849.099
754101 3529558 857.221
763891 3447539 725.225
749509 3338526 852.020

NAD83 (2011) UTM 14
Ellipsoid Ht

(NAD83 (2011) , m)
Easting X (m) Northing Y (m)

2000 317476 3619761 711.772
TXLA 224201 3628668 892.759
TXP1 278113 3674044 768.729
TXSC 309742 3524640 680.437
TXSO 235168 3559537 802.648
TXAB 428907 3596472 489.758
TXOZ 289632 3401319 700.348
TXRL 361054 3530339 550.021
TXSA 359995 3476459 567.215

Table 1871 Base stations used to control lidar acquisition for Block 0 7&08 .
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Airborne GPS Kinematic

Airborne GPS data was processed using the Applanix PosPAC v8.2 software suite and utilized a
SmartBase trajectory solution. Flights were flown with a minimum of 7 satellites in view (12°
above the horizon) and with a PDOP of better than 3. Distances from base station to aircraft
were kept to a maximum of 35 miles.

For all flights, the GPS data can beclassified as excellent, with GPS residuals of m average or
better but no larger than 10 cm being recorded.

GPS processing reports for each mission ara@ncluded in Appendix E.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to verify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Subsequently the mission points are output usingRi e gl 6 s RitiaRyrwithadefauls values
from Riegl or the last mission calibrated for the system. The initial point generation for each
mission calibration is verified within Microstation/Terrascan for calibration errors.  If a
calibration error greater than specification is observed within the mission, the roll , pitch and
scanner scale corrections that need to be applied are calculated. The missions with thenew
calibration values are regenerated and validated internally once again to ensurequality.

Data collected by thelidar unit is reviewed for complete ness,acceptable density and tomake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplemenfary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.
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Figure 22 1 Lidar swath output showing complete coverage for delivery B lock0 7 & 08 .

Boresight and Relative accuracy

The initial points for each missio n calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration process until the relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 2 regularly spaced QChlocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Color scale iadjusted so that errors greater than the
specifications are flagged. Cross sections are visudly inspected across each blockio validate
point to point, flight line to flight line and mission to mission agreement.
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For this project the specifications used are as follow:
Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

Figure 237 Profile view showing correct roll and pitch adjustments.

Figure 24 7 QC block colored by d istance to ensure accuracy at swath edges.

A different set of QC blocks are generated for final review after all transformations have been
applied.

Preliminary Vertical Accuracy Assessment

A preliminary RMSE ; error check is performed by Eagle Mapping Inc. at this stage d the project
life cycle in the raw lidar dataset against GPS static and kinematic data and compared to RMSE
project specifications. Thelidar data is examined in non-vegetated flat areas away from breaks.
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Lidar ground points for each fli ght line generated by an automatic classification routine are

used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-
vegetated Vertical Accuracy (NVA)requirements (RMSE; O 1 0
confidence

| evel

summary for the test:

The calibrated TX West Central Lidar dataset was tested t00.074 m vertical accuracy at 95%

O 19.6

cm)

when

cm an,dtthA@s%ur acy

compared

to

confidence level based on RMSE (0.38 m x 1.9600) when compared to 21 GPS static check

points.

The following are the final statistics for the GPS static checkpoints used byEagle Mapping Inc.

to internally verify vertical accuracy.

Number

299019.290
262838.153
228844.084
228873.357
282871.619
271083.994
241731.773
220070.329
218055.061
243721.407
265057.055
299934.959
292332.706
264493.301
243169.655
215591.981
221038.537
262578.501
276790.718
298857.212
299918.266
264695.330
242528.397
229605.401
214360.044

3598289.816
3583143.209
3599436.977
3577734.598
3575452.014
3556245.303
3560208.172
3563950.892

3540671.736
3531303.751
3528313.174
3531709.963
3502154.274
3498089.875

3492923.921
3511238.614
3486271.427
3472128.750
3465977.245
3471506.961
3449517.284
3440248.112
3458323.634
3442958.570
3454531.581

NAVD88
NAD83 (2011) UTM Zone 13N (GeOId 12B)

Easting X (M) Northing Y (M) Known Z (M)

685.849
812.737
846.335
865.573
732.985
840.400
785.437
843.323
836.863
787.859
813.284
732.138
804.091
814.586
815.253
839.906
836.926
797.483
757.638
769.571
797.747
795.491
821.625
815.055
742.452

st at

Laser Z (M) Delta Z

685.849
812.680
846.330
865.560
732.970
840.370
785.410
843.310
836.890
787.900
813.220
732.070
803.950
814.550
815.300
839.300
836.950
797.490
757.630
769.550
797.740
795.520
821.580
815.100
742.520

0.041
-0.057
-0.005
-0.013
-0.015
-0.030
-0.027
-0.013

0.027

0.041
-0.064
-0.068

-0.141*
-0.036

0.047
0.044
0.024
0.007
-0.008
-0.021
-0.007
0.029
-0.045
0.045
0.068

c
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** EGM -13 omitted from reporting as a > 3-sigma outliers.

Table 19 - Static EGM Points

0,
100 % of | #of RMS@ZA(”‘) gVeAC %9159? Mean S:l/ Min Max
Totals Points pec=y. () (m) (m)

Spec=0.1m m ()
Non-
Vegetated 25 0.038 0.074 0.033 0.039 -0.068 0.068
Terrain

Table 20 - Static GPS Vertical Accuracy Results for block 7&8.

Delivery Block 14

Lidar Control

CORS statbns at 5 Hz were used to create an Applanix SmartBase for posprocessing during
the acquisition of the TX West Central project block 14. This ensured that baseline length during
acquisition was with the 35 mile specification required for this project. The coordinates of these
base stations are provided in the table below.

NAD83 (2011) UTM 14
Ellipsoid Ht

(NAD83 (2011), m)
Easting X (m) Northing Y (m)

OKAL 469813 3832312 401.595
OKAR 668743 3782349 236.923
OKDN 594900 3815787 315.460
OKLW 554125 3825825 314.702
TXDC 629631 3678337 256.452
TXJA 579638 3673210 327.216
TXNO 617961 3738010 259.433
TXOL 523289 3690783 332.944
TXQU 430523 3795614 455.215
TXVE 473891 3776930 352.771
TXTH 484348 3671140 373.060
TXWE 545740 3746069 281.316
OKAD 706907 3853233 293.274
TXDE 671230 3676122 179.961
TXSR 722066 3719438 195.513
TXWE 610208 3625171 338.556

Table 2171 Base stations used to control lidar acquisition for Block 14.

Airborne GPS Kinematic

Airborne GPS data was processed using the Applani PosPAC v8.2 software suite and utilized a
SmartBase trajectory solution. Flights were flown with a minimum of 7 satellites in view (12°
above the horizon) and with a PDOP of better than 3. Distances from base station to aircraft
were kept to a maximum of 35 miles.
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For all flights, the GPS data can be classified as excellent, with GPS residuals of 8m average or
better but no larger than 10 cm being recorded.

GPS processing reports for each mission are includedn Appendix E.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to verify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Subsequently the mission poi nt sftware, aithdafauljppvalues usi ng
from Riegl or the last mission calibrated for the system. Data is then output in the proper

projection and orthometric height and calibrated using BayesMap StripAlign software. This

software uses a rigorous time-dependent approach to address effect such as IMU drifts and

oscillations to correct both relative and absolute geometric errors. The missions with the new

calibration values are regenerated and validated internally once again to ensure quality

requirements are met.

Data collected by thelidar unit is reviewed for complete ness, acceptable density and tanake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplementary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.

Figure 25171 Lidar swath output showing complete coverage for delivery Block 14



TX West Central QL2 Lidar Project
TO# 140G0218F0072

July 29, 2019

Page52 of 184

Boresight ard Relative accuracy

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during th e calibration process until the relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 3 regularly spaced QCblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Color scale iadjusted so that errors greater than the
specifications are flagged. Cross sections are visudy inspected across each blockio validate
point to point, flight line to flight line and mission to missio n agreement.

For this project the specifications used are as follow:
Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

Figure 26 1 Profile views showing correct roll and pi tch adjustments.

Figure 2771 QC block colored by distance to ensure accuracy at swath edges.

A different set of QC blocks are generated for final review after all transformations have been
applied.
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Preliminary Vertical Accuracy Assessment

A preliminary RMSE; error check is performed by Eagle Mapping Inc. at this stage d the project
life cycle in the raw lidar dataset against GPS static and kinematic data and compared to RMSE
project specifications. Thelidar data is examined in non-vegetated, flat areas away from breaks.
Lidar ground points for each flight line generated by an automatic classification routine are
used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-

vegetated Vertical Accuracy (NVA)requirements (RMSE;O 10 c¢m an.dttha@eur acy
confidence level O 19.6 c¢cm) when compared to stat
summary for the test:

The calibrated TX West Central Lidar dataset was tested to0.116m vertical accuracy at %%
confidence level based on RMSE (0.059 m x 1.9600) when compared to 45 GPS static check
points.

The following are the final statistics for the GPS static checkpoints used byEagle mapping inc. to
internally verify vertical accuracy.

NAVD88

Number NAD83 (2011) UTM Zone 14N (Geoid 128) - Delia 2
DAS-1 604378.514 3655501.727 325.900 325.780 -0.120
DAS-2 600455.917 3658085.694 309.147 309.030 -0.117
DAS-3 601472.839 3671032.926 264.794 264.720 -0.074
DAS-4 606065.164 3670901.306 255.952 255.870 -0.082
DAS-5 613718.113 3676151.781 244.731 244.650 -0.081
DAS-6 611983.872 3683637.950 286.674 286.620 -0.054
DAS-7 607066.893 3686264.559 274.513 274.440 -0.073

DAS-8 603848.847 3688340.379 293.066 292.870 -0.196**
DAS-9 601942.622 3692777.548 328.079 328.040 -0.039
DAS-10 650412.572 3736731.777 310.588 310.580 -0.008
DAS-11 599412.334 3699762.396 353.454 353.470 0.016
DAS-12 639811.317 3745442.329 271.049 271.090 0.041
DAS-13 648137.917 3740770.096 251.589 251.580 -0.009
DAS-14 672943.630 3736558.861 236.055 236.050 -0.005
DAS-15 638068.756 3741142.185 294.410 294.400 -0.010
DAS-16 598377.475 3742124.141 278.520 278.570 0.050
DAS-17 619573.616 3739453.983 294.957 295.080 0.123
DAS-18 601586.187 3726552.553 289.094 289.130 0.036
DAS-19 574169.683 3721866.863 297.495 297.610 0.115
DAS-20 693435.722 3726902.832 238.006 238.050 0.044
DAS-21 597372.077 3765682.738 285.311 285.380 0.069
DAS-22 570075.503 3765090.356 294.800 294.840 0.040
DAS-23 574338.834 3741741.831 281.130 281.200 0.070
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DAS-24 507760.253 3772290.606 344551 344.570 0.019
DAS-25 540727.546 3772363.374 313.042 313.020 -0.022
DAS-26 514940.549 3746400.256 311.172 311.200 0.028
DAS-27 521348.787 3759021.396 315.858 315.900 0.042
DAS-28 549242.188 3749701.835 299.092 299.140 0.048
DAS-29 501756.645 3728006.744 374.838 374.820 -0.018
DAS-30 590887.362 3721678.471 314.134 314.160 0.026
DAS-31 582186.254 3733880.209 290.522 291.460 +0.938 ***
DAS-32 574431217 3711006.090 341.439 341.480 0.041
DAS-33 563280.004 3713068.670 316.447 316.520 0.073
DAS-34 563037.928 3732514.583 285.140 285.220 0.080
DAS-35 536693.631 3757265.742 306.916 306.960 0.044
DAS-36 557424.780 3765091.083 281.057 281.110 0.053
DAS-37 695702.890 3763878.863 229.202 229.240 0.038
DAS-38 686091.349 3762119.086 214.028 213.990 -0.038
DAS-39 671880.505 3741002.440 263.500 263.530 0.030
DAS-40 637744.863 3754598.587 234.370 234.290 -0.088
DAS-41 688454.449 3775173.586 256.021 256.050 0.029
DAS-42 523013.259 3772083.619 334.953 335.000 0.047
DAS-43 507597.809 3767016.498 364.221 364.210 -0.011
DAS-44 591328.287 3704203.139 309.205 309.260 0.055
DAS-45 696886.918 3741854.115 229.242 229.242 0.028

** GCP 8 omitted from reporti ng as >3 -sigma outlier

*** GCP 31 did not have sufficient ground cover under vegetation to make an accurate assessmen t

Table 22 - Static GPS Points

0,
100% of | #of RMSEZ (m) e St Min Max
Totals Points RA SITEE=E0E (m) D5y (m) (m)
Spec=0.1m m (m)

Non-
Vegetated 45 0.059 0.116 0.050 0.058 -0.120 0.123
Terrain

Table 23 - Static GPS Vertical Accuracy Results for Block 14

Overall the calibrated lidar data products collected by Eagle Mapping Inc. meet or exceed the
requirements set out in the Statement of Work. The quality control requirements of Eagle
mapping Inc. quality management program were adhered to throughout the acquisition stage
for this project to ensure product quality.
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LEADING EDGE GEOMAT ICS- DELIVERY BLOCK 09 THROUGH 13

Lidar Acquisition Details

Leading Edge Geomatics LEG) planned 1,321 passegor the project area as a series of parallel

flight lines with cross flightlines for the purposes of quality control. The flight plan included

zigzag flight line collection as a result of the inherent IMU drift associated with all IMU systems.

In order to reduce any margin for error in the flight plan, LEGf ol | owed FEMAOGs Append
Afgui delineso for flight pl anndlowigpgcdterid:, at a mi ni mu

1 Adigital flight line layout using Track Air flight design software for direct integration
into the aircraft flight navigation system.

1 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extended by a predetermired margin beyond all project borders to
ensure necessary overedge coverage appropriate for specific task order delverables.

9 Local restrictions related to air space and any controlled areas have been investigated
so that required permissions can be obtaired in a timely manner with respect to

schedule. Additionally, LEG will file our flight plans as required by local Air Traffic

Control (ATC) prior to each mission.

LEG monitored weather and atmospheric conditions and conducted lidar missions only when no
conditions exist below the sensor that will affect the collection of data. These conditions include
leaf-off for hardwoods, no snow, rain, fog, smoke, mist and low clouds. Lidar systems are active
sensors, not requiring light, thus missions may be conducted during night hours when weather
restrictions do not prevent collection. LEG accesses reliable weather sites and indicators
(webcams) to establish the highest probability for successful collection in order to position our
sensor to maximize successful dataacquisition.

Within 72 -hours prior to the planned day(s) of acquisition, LEG closely monitored the weather,
checking all sources for forecasts at least twice daily. As soon as weather conditions were
conducive to acquisition, our aircraft mobilized to the project site to begin data collection. Once
on site, the acquisition team took responsibility for weather analysis.

LEG lidar sensors are calibrated at a designated site located ah designated site located in
downtown Fredericton, New Brunswick and are periodically checked and adjusted to minimize
corrections at project sites.

Lidar System parameters

Leading Edge Geomatics (LEG)operated two different models of laser on three different aircraft
for this project. Two Cessna 170 aircraft (UNB and CAU) wesed to fly the Riegl VQ780i
lasers, while a Cessna 206 aircraft (RBV) was used to fly the Riegl Q1560.

Table 24 illustrates LEG system parameters for lidar acquisition on this project.

System Riegl 780 Riegl 1560
Altitude (AGL meters) 1800 1600
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Approx. Flight Speed (knots) 100 100
Scanner Puke Rate (kHz) 280 700
Scan Frequency 68 80
Pulse Duration of the Scanner (nanoseconds) 5 5
Pulse Width of the Scanner (m) 15 43
Swath width (m) 1996 1737
Central Wavelength of the Sensor Laser (nanometers) 1064 1064
Did the Sensor Operate with Multiple Pulses in The Air?
(yes/no) Yes Yes
Beam Divergence (milliradians) 0.25 0.25
Nominal Swath Width on the Ground (m) 1996 1737
Swath Overlap (%) 55 55
Total Sensor Scan Angle (degree) 60 57
Computed Down Track spacing (m) per beam 0.76 0.64
Computed Cross Track Spacing (m) per beam 0.76 0.64
Nominal Pulse Spacing (single swath), (m) 0.7 0.7
Nominal Pulse Density (single swath) (ppsm), (m) 2 2
Aggregatg NPS (m) (if ANPS was designed_to be met 0.7
through single coverage, ANPS and NPS will be equ3l 0.7
Aggregat(_a NPD (m) (if ANPD was designed_to be met 5
through single coverage, ANPD and NPD will be equal) 2
Maximum Number of Returns per Pulse 15 15

Table 24: LEG lidars ystem parameter s

Acquisition Status Report and Flightlines

Upon notific ation to proceed, the flight crew loaded the flight plans and validate d the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flight operations , the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acqui sition. The flight crew
constantly reviewed weather and doud locations. Any flight lines impacted by unfavorab le
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 28 shows the combined trajectory of the flightlines.
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Figur e 28- Trajectories as flown by LEG Inc.

Lidar Control
Fifty four base stations were employed by LEG for the collection. All stations coordinates were
published in CORS (2011).The coordinates of all used base stations are provided in the table
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below. All control and calibration points are also provided in shapefile format as part of the
final deliverables.

NAD83 (2011) UTM Zone 13 N NAVD88 (Geoid 12B)
Network Number
NGS

731272 3577227 947.962
754101 3529558 857.221
770213 3538699 846.218

TXMC 763891 3447539 725.225
NGS TXCE 751185 3479481 755.550

NADS83 (2011) UTM Zone 14N NAVD88 (Geoid 12B)
Number

Network
428907 3596472 489.758
467966 3446221 504.665
408323 3514323 501.912

NGS TXC3 460050 3519432 499.494
NGS TXCH 382591 3813858 565.075
GS TXEA 517969 3585096 408.658
S TXEN 418086 3454021 608.350
GS TXGL 541041 3482013 461.050
GS TXLA 224201 3628668 892.759
GS L 236008 3714265 957.122
S TXME 359971 3843489 601.113
S TXMT 330763 3764965 709.030
NGS TXOL 523289 3690783 332.944
NGS T™X0Z 289632 3401319 700.349
NGS TXP1 278113 3674044 768.729
S TXPD 380920 3764270 534.287
NelS TXQU 430523 3795614 455.215
S TXRL 361054 3530339 550.021
GS TXSA 359995 3476459 567.214
GS TXSC 309742 3524640 680.437
S TXSL 287472 3817154 976.803
GS TXSO 235168 3559537 802.648
NGS TXSS 342357 3384337 637.021
NGS TXSY 476024 3718105 368.469
NGS TXTH 484348 3671140 373.060
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NGS TXVE 473891 3776930 352.771
GS TXWF 545740 3746069 281.316
GS TXWL 390105 3857038 589.207

NGS OKAL 469813 3832312 401.595

NGS OKAO 568751 3881776 340.446

NGS OKCL 502589 3926625 470.693

GS OKLW 554125 3825825 314.702

GS OKSY 442034 3908161 567.147

EG LEGO1 329241 3722493 763.198

EG LEGO2 405070 3737174 482.608

EG LEGO4 540716 3664401 308.812

EG LEGO5 431775 3671507 460.844
LEG-

HASKELL?2 432974 3672799 460.902
LEG-

STONE 388459 3669989 503.198

TXEY 505198 3511971 408.592
TXAL 431347 3590964 503.446
TXS8 363195 3482045 561.394
TXSI 311909 3524062 680.680
TXSD 320861 3620724 686.149
TXBG 264737 3574811 769.633
SMSW 368501 3593903 639.142
TXL2 223285 3626406 892.891
TXLB 232660 3712690 968.142
TXCO 501609 3584580 475.017

ii

| i i i 7

LEG

LEG
Smartnet
t

n

Smartnet
Smartnet
Smartnet
Smartnet
Smartnet

Smartnet

[ hes |
ieo |
T
T
| o |
e
e
e
e
e
e
e |
e
e

Smartnet

Table 2 571 Base stations used to control lidar acquisition

Airborne  GPS Kinematic

Airborne GPS data was processedsing the PosPac kinematic On-The-Fly (OTF) software suite
using Applanix Smartbase processing Flights were flown with a minimum of 6 satellites in view
(13° above the horizon) and with a PDOP of better than 4.

For all flights, the GPS data can be classified as exdkent, with GPS residuals of 3 cm average or
better but no larger than 10 cm being recorded.

GPSprocessing reports for each mission are included in Appendix F.
Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to v erify availability and status of all needed GPS and Laser data

against field notes and compile any data if not complete.

Subsequently the mission points are output wusing
command-line versions of Riegl LIDAR processing software. System calibration was conducted
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prior to the aircraft departing for the project and the initial calibration values are used to
position the point cloud.

As Leading Edge Geomatics was not tasked to perform calibration on the data, roll, gtch and
yaw corrections were not applied. Checks were performed to verify that raw, uncalibrated LAS
had height difference values within the expected range, and that no unusually large relative
alignment errors were present.

Data collected by thelidar unit is reviewed for completeness, acceptable density and tanake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft
trajectory, mission information, and ground control files are reviewe d and loggedinto a
database.

On a project level, a supplementary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.
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Figure 29 7 Lidar swath output showing complete coverage.

Boresight and Relative accuracy
As described above, Leading Elge Geomatics was not tasked to perform a calibration on the
collected data. However, checks were performed to verify that raw, uncalibrated LAS had height
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difference values within the expected range, and that no unusually large relative alignment
errors were present.

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the LIDAR unit or GPS.

Figure 30 i QC block colored by separation demonstrating uncalibrated accuracy at swath edges
(16cm max range)

Preliminary Vertical Accuracy Assessment

A preliminary RMSE ; error check is performed by Dewberry at this stage d the project life cycle
in the raw lidar dataset against GPS static ad kinematic data and compared to RMSE; project
specifications. The lidar data is examined in non-vegetated, flat areas away from breaks. Lidar
ground points for each flight line generated by an automatic classification routine are used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-

vegetated Vertical Accuracy (NVA)requirements (RMSE,O 10 c¢m an,dttha@eour acy
confidence level O 19.6 c¢cm) when compared to stat
summary for the test:

The calibrated TX West Central dataset was tested t00.079 m vertical accuracy at 95%
confidence level based on RMSE (0.051m x 1.9600) when compared to 75 GPS static check
points.
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The following are the final statistics for the GPS static checkpoints used byDewberry to
internally verify vertical accuracy.

NADS83 (2011) UTM Zone 14N (G’\:eé)\iijfng)
Number Laser Z (M) Delta Z
Easting X (M) Northing Y (M) Knc()va)n &

LEG-1 482725.053 3750790.860 366.346 366.370 0.024
LEG-2 473888.324 3780836.167 362.612 362.590 -0.022
LEG-3 469385.987 3814472.579 407.484 407.380 -0.104
LEG-4 455836.646 3765927.006 408.709 408.660 -0.049
LEG-5 499096.714 3770898.526 367.481 367.510 0.029
LEG-6 426854.553 3741802.040 420.292 420.330 0.038
LEG-7 421875.369 3735756.299 478.494 478.470 -0.024
LEG-8 462700.431 3729634.272 369.142 369.150 0.008
LEG-9 438268.586 3731720.106 456.797 456.790 -0.007
LEG-11 381866.002 3717196.569 530.773 530.790 0.017
LEG-12 376931.438 3744916.561 553.939 553.900 -0.039
LEG-13 341728.608 3735707.916 754.337 754.380 0.043
LEG-14 362474.465 3719519.488 580.578 580.550 -0.028
LEG-15 344398.971 3694283.330 644.016 644.070 0.054
LEG-16 383621.420 3694411822 534.387 534.500 0.113
LEG-17 328655.710 3710977.146 707.442 707.450 0.008
LEG-18 305493.155 3729051.285 912.822 912.860 0.038
LEG-20 328883.204 3720314.618 759.482 759.510 0.028
LEG-21 336556.773 3672380.085 637.811 637.720 -0.091
LEG-22 300575.824 3676062.853 745.477 745.460 -0.017
LEG-23 304253.154 3705766.829 736.838 736.860 0.022
LEG-24 313340.782 3634343.609 766.476 766.380 -0.096
LEG-25 342734.456 3670060.457 612.818 612.870 0.052
LEG-26 337422.163 3599060.232 730.392 730.300 -0.092
LEG-27 360872.503 3644821.119 554.791 554.760 -0.031
LEG-28 369564.410 3675021.326 578.035 577.970 -0.065
LEG-29 373295.404 3658357.934 563.327 563.350 0.023
LEG-30 391415.845 3649545.716 538.937 538.940 0.003
LEG-31 401502.317 3667511.031 501.786 501.830 0.044
LEG-32 414949.543 3672512.707 515.821 515.760 -0.061
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LEG-33
LEG-34
LEG-35
LEG-36
LEG-37
LEG-38
LEG-39
LEG-40
LEG-41
LEG-42
LEG-43
LEG-44
LEG-45
LEG-45
LEG-46
LEG-47
LEG-48
LEG-49
LEG-50
LEG-51
LEG-52
LEG-53
LEG-54
LEG-55
LEG-56
LEG-57
LEG-58
LEG-59
LEG-60
LEG-61
LEG-62
LEG-63
LEG-64
LEG-65
LEG-66
LEG-67
LEG-68

336693.223
309090.271
329457.133
303262.814
300994.492
352896.107
378643.897
378202.076
410052.322
401840.713
438032.594
429205.471
420015.970
420015.970
457545.253
487216.179
466971.627
487345.558
457966.740
447977.118
425406.793
424134.424
409257.358
412839.695
393946.175
361947.285
378226.732
363074.483
336466.313
331039.100
306701.218
301190.750
331647.670
306535.248
326460.907
355776.503
363283.628

3587360.195
3544519.249
3573146.281
3558083.732
3598922.313
3543925.302
3544294.830
3570618.945
3543778.719
3565819.303
3543379.615
3564037.252
3556537.190
3556537.190
3521475.627
3545137.140
3500709.075
3485110.417
3491401.838
3505000.943
3488602.187
3517971.640
3528346.468
3484572.983
3502774.549
3530941.392
3512542.590
3484377.766
3506756.363
3531182.939
3528614.593
3484596.311
3466689.691
3450554.960
3457470.028
3440764.412
3468635.433

682.568
756.526
653.927
691.199
670.005
632.231
617.036
769.331
588.151
744.291
604.445
603.107
625.701
625.701
559.508
482.945
463.064
426.141
474.653
548.915
490.850
541.854
545.144
501.086
528.337
581.033
571.760
576.307
657.647
785.836
729.277
775.397
642.851
765.773
678.975
653.135
586.140

682.500
756.510
653.960
691.240
670.100
632.180
616.970
769.260
588.190
744.280
604.470
603.120
625.820
625.760
559.440
483.040
463.080
426.110
474.630
548.930
490.920
541.870
545.120
501.090
528.350
580.980
571.760
576.340
657.680
785.900
729.230
775.440
642.920
765.760
679.040
653.150
586.140

-0.068
-0.016
0.033
0.041
0.095
-0.051
-0.066
-0.071
0.039
-0.011
0.025
0.013
0.119
0.059
-0.068
0.095
0.016
-0.031
-0.023
0.015
0.070
0.016
-0.024
0.004
0.013
-0.053
0.000
0.033
0.033
0.064
-0.047
0.043
0.069
-0.013
0.065
0.015
0.000
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LEG-69 394767.811 3474358.572 551.975 551.990 0.015
LEG-70 371652.440 3440376.233 712.134 712.200 0.066
LEG-71 421657.409 3439260.472 661.790 661.740 -0.050
LEG-72 426344.763 3455313.243 609.203 609.140 -0.063
LEG-73 417442.459 3469116.557 576.035 575.950 -0.085
LEG-74 442881.166 3453852.398 572.785 572.770 -0.015
LEG-75 428102.549 3472239.996 502.750 502.770 0.020
Table 26- Static GPS Points
NVA at
100 % of # of RIEI=72 (i) 95% Mean | S9 | win Max
Totals Points NVA Spec=0.196 (m) Dev (m) (m)
Spec=0.1 m m ()
Non-
Vegetated 74 0.051 0.079 0.002 0.051 -0.104 0.119
Terrain

NVA at
100 % of # of A 95% Mean
Totals Points _ Spec=0.196 ()
Spec=0.1 m m
Non-
Vegetated 74 0.051 0.079 0.002 0.051 -0.104 0.119
Terrain

Table 27 - Static GPS Vertical Accuracy Results

Overall the calibrated lidar data products collected by Leading Edge Geomatics (LEG)meet or
exceed the requirements set out in the Statement of Work. The quality control requirements of
Leading Edge Geomatics (LEG)quality management program were adhered to throughout the
acquisition stage for this project to ensure product quality.

AERIAL SERVICES INC - DELIVERY BLOCK 15, UTM14

Lidar Acquisition Details

Aerial Services, Inc.planned 95 passes forthe project area as a series of parallel flight lines with

cross flightlines for t he purposes of quality control. The flight plan included zigzag flight line

collection as a result of the inherent IMU drift associated with all IMU systems. In order to

reduce any margin for error in the flight plan, Aerial Services, Inc.f ol | o we dAppeBdAAOL s

Afgui delineso for flight planning and, at a mini mu

1 Addigital flight line layout using LEICA MISSION PRO flight design software for
direct integration into the aircraft flight navigation system.
91 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extended by a predetermined margin beyond all project borders to
ensure necessary overedge coverage appropriate for specific task order delverables.
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9 Local restrictions related to air space and any controlled areas have been investigated
so that required permissions can be obtained in a timely manner with respect to
schedule. Additionally, Aerial Services, Inc.will file our flight plans as required by local

Air Traffic Control (ATC) prior to eac h mission.

Aerial Services, Inc. monitored weather and atmospheric conditions and conducted lidar
missions only when no conditions exist below the sensor that will affect the collection of data.
These conditions include leaf-off for hardwoods, no snow, rain, fog, smoke, mist and low clouds.
Lidar systems are active sensors, not requiring light, thus missions may be conducted during
night hours when weather restrictions do not prevent collection. Aerial Services, Inc.accesses
reliable weather sites and indicators (webcams) to establish the highest probability for
successful collection in order to position our sensor to maximize successful data acquisition.

Within 72 -hours prior to the planned day(s) of acquisition, Aerial Services, Inc. closely

monitored th e weather, checking all sources for forecasts at least twice daily. As soon as weather
conditions were conducive to acquisition, our aircraft mobilized to the project site to begin data
collection. Once on site, the acquisition team took responsibility for weather analysis.

Aerial Services, Inc.lidar sensors are calibrated at a designated site located at th&Vaverly
Municipal Airport in Waverly, lowa and are periodically checked and adjusted to minimize
corrections at project sites.

Lidar System parameters

Aerial Services, Inc. operated a Piper Navajo PA-31 (Tail # N35AS) outfitted with a LEICA
ALS70-HP lidar system during the collection of the study area. Table 28 illustrates Aerial
Services, Inc.system parameters forlidar acquisition on this project.

| tem Parameter

System Leica ALS-70 HP
Altitude (AGL meters) 1400
Approx. Flight Speed (knots) 150
Scanner Pulse Rate (kHz) 379.8
Scan Frequency (hz) 47
Pulse Duration of the Scanner (hanoseconds) 9
Pulse Width of the Scanner (m) 2.7
Swath width (m) 1300
Central Wavelength of the Sensor Laser (nanometers) 1064
Did the Sensor Operate with Multiple Pulses in The Air?

(yes/no) Yes
Beam Divergence (milliradians) 0.22
Nominal Swath Width on the Ground (m) 1300
Swath Overlap (%) 30
Total Sensor ScanAngle (degree) 50
Computed Down Track spacing (m) per beam 1.6
Computed Cross Track Spacing (m) per beam 0.9
Nominal Pulse Spacing (single swath), (m) 0.7
Nominal Pulse Density (single swath) (ppsm), (m) 2
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Item Parameter

Aggregate NPS (m) (if ANPS was designed to b met
through single coverage, ANPS and NPS will be equal) 0.7
Aggregate NPD (m) (if ANPD was designed to be met
through single coverage, ANPD and NPD will be equal) 2
Maximum Number of Returns per Pulse 4

Table 28: Aerial Services, Inc. lidars ystem parameter s

Acquisition Status Report and Flightlines

Upon notification to proceed, the flight crew loaded the flight plans and validate d the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flight operations , the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acquisition. The flight crew
constantly reviewed weather and cloud locations. Any flight lines impacted by unfavorable
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 31 shows the combined trajectory of the flightlines.
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Figure 31: Trajectories as flown by Aerial Services, Inc.

Lidar Control
Aerial Services, Inc. conducted the survey which provided the established base stations that

were used to control the lidar acquisition for the TX West Central area. The coardinates of the
base station are provided in the table below.

NAD83 (2011) UTM 16 .
Ellipsoid Ht Orthometric Ht
m) (NAVD88 Geoid12B |,

m)

. (NAD83 (2011) ,
Eas(trI:)g X Northing Y (m)

8710059.844 8122083.676 199.487 226.457

Table 2 97 Base stati ons used to control lidar acquisition
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Airborne  GPS Kinematic

Airborne GPS data was processed using the NovAtel Inertial Explorer software suite. Flights
were flown with a PDOP of better than 2.3 (the instance of 2.6 was after data collection on the
way bad to the airport). Distances from base station to aircraft were kept to a maximum of 90
km.

For all flights, the GPS data can be classified as excellent, with GPS residuals of 8m average or
better but no larger than 10 cm being recorded.

GPS processingreports for each mission are included in Appendix G.

Generation and Calibration of Laser Points (raw data)

After processing the GNSS/GPS and IMU data in Inertial Explorer, the data is then exported to

raw LAS files using Lei cradmbingdtheuad Batacollectedwittwar e. Cl
the ALS 70 HP sensor, combines it with the Airbornet r aj ect ory data, applies t
calculated boresite correction angles, and then outputs the point cloud to the specified

coordinate reference system and fileformat.

The initial step of calibration is to verify the complete coverage of the AOI with the 100 meter
buffer with no internal voids present, as well as ensuring that minimum point density of 2.5
ppsm has been achieved.

On a project level, a supplementary coverage check is carried out to ensure no data voids
unreported by Field Operations are present.
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Figure 3 21 Lidar swath output showing complete coverage.

Boresight and Relative accuracy

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the data, point data minimums, or issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration process until the relative
accuracy is met.
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Relative accuracy and internal quality are checked using at least 3 regularly spaced QCblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Color scale iadjusted so that errors greater than the
specifications are flagged. Cross sections are visudy inspected across each blockto validate
point to point, flight line to flight line and mission to mission agreement.

For this project the specifications used are as follow:
Relative accuracy <= 6 cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

Figure 33 i Profile views showing correct roll and pitch adjustments.
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Figure 34 1 QC block colored by distance to ensure accur acy at swath edges.

A different set of QC blocks are generated for final review after all transformations have been
applied.

Preliminary Vertical Accuracy Assessment

A preliminary RMSE ; error check is performed by Aerial Services, Inc. at this stage d the project
life cycle in the raw lidar dataset against GPS static and kinematic data and compared to RMSE
project specifications. Thelidar data is examined in non-vegetated, flat areas away from breaks.
Lidar ground points for each flight line generated by an automatic classification routine are
used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non-
vegetated Vertical Accuracy (NVA)requirements (RMSE;O 10 c¢cm an.dtthd@Seour acy
confidence |l evel O 19.6 c¢cm) when compared to stat

The following are the final statistics for the GPS static checkpoints used byAerial Services, Inc.
to internally verify vertical accuracy.
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ASI-01
ASI-02
ASI-03
ASI-04
ASI-05
ASI-06
ASI-07
ASI-08
ASI-09
ASI-10
ASI-11
ASI|-12
ASI-13
ASI-14
ASI-15
ASI-16
ASI-17
ASI-18
ASI-19
ASI-20
ASI-21
ASI|-22
ASI|-23
ASI-24
ASI-25
ASI-26
ASI-27
ASI-28
ASI-29
ASI-30
ASI-31
ASI-32
ASI-33
ASI-34
ASI-35
ASI-36
ASI-37
ASI-38
ASI-39
ASI-40
ASI-41
ASI|-42
ASI-43
ASI-44
ASI|-45
ASI-46

Easting X (m)

713750.142
700945.721
708275.869
720494.556
715934.698
704670.691
722600.326
717421.436
710425.349
701788.705
711295.109
705422.185
703303.698
713889.679
711065.198
703839.252
700511.447
722942.448
726733.155
725453.261
728641.794
735785.000
742737.506
759855.932
755694.819
748968.723
761299.415
765521.138
776131.585
776676.151
769168.130
744329.184
760216.395
768592.204
772986.665
752812.383
770853.830
742890.361
763170.751
751376.020
746324.156
758441.626
766871.683
772995.755
777779.318
779633.762

Northing Y
(m)

3722442.031
3724045.507
3727959.062
3729233.929
3738317.459
3736146.265
3743701.658
3752623.272
3743597.810
3747829.892
3750338.671
3752926.847
3762917.137
3756497.773
3764194.360
3772387.886
3778207.900
3764628.868
3758256.383
3738261.896
3746116.833
3738453.524
3738466.732
3737974.100
3729280.697
3729599.335
3747788.267
3751883.694
3738341.653
3752803.366
3740411.482
3720933.722
3721942.682
3729944.625
3722304.139
3713625.374
3716652.159
3711165.381
3711416.544
3705090.664
3702095.654
3698988.659
3701426.755
3696235.942
3683970.446
3675290.844

Known Z (m)

261.740
230.877
221.388
248.286
228.102
196.347
219.421
209.719
235.533
216.613
200.247
216.990
249.274
200.896
245.028
254.792
280.597
196.140
194.560
236.393
176.743
189.109
176.613
161.206
183.379
167.257
155.283
158.842
155.905
139.848
181.850
205.659
193.039
178.652
190.108
222.192
199.413
230.569
195.587
207.289
230.258
217.210
205.289
206.591
168.760
169.073

261.780
230.840
221.440
248.240
228.070
196.360
219.320
209.710
235.540
216.630
200.250
216.970
249.240
200.870
245.080
254.700
280.480
196.110
194.540
236.400
176.710
189.060
176.580
161.240
183.420
167.260
155.380
158.820
155.920
139.890
181.820
205.590
193.060
178.630
190.020
222.150
199.440
230.540
195.650
207.220
230.290
217.130
205.360
206.620
168.810
169.160

-0.04
0.037
-0.052
0.046
0.032
-0.013
0.101
0.009
-0.007
-0.017
-0.003
0.02
0.034
0.026
-0.052
0.092
0.117
0.03
0.02
-0.007
0.033
0.049
0.033
-0.034
-0.041
-0.003
-0.097
0.022
-0.015
-0.042
0.03
0.069
-0.021
0.022
0.088
0.042
-0.027
0.029
-0.063
0.069
-0.032
0.08
-0.071
-0.029
-0.05
-0.087
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ASI-47 770727.848 3687307.166 191.524 191.510 0.014
ASI|-48 763944.011 3689427.607 205.389 205.430 -0.041
ASI-49 751232.458 3741890.144 188.603 188.550 0.053

Table 30 - Static GPS Points

Overall the calibrated lidar data products collected by Aerial Services, Inc. meet or exceed the
requirements set out in the Statement of Work. The quality control requirements of Aerial
Services, Inc.quality management program were adhered to throughout the acquisition stage
for this project to ensure product g uality.

INTERMAP - DELIVERY BLOCK 15, UTM15

Lidar Acquisition Details

Intermap planned 140 passesfor the project area as a series of parallel flight lines with cross

flightlines for the purposes of quality control. The flight plan included zigzag flight | ine

collection as a result of the inherent IMU drift associated with all IMU systems. In order to

reduce any margin for error in the flight plan, Intermap f ol | owed FEMAOGs Appendi X
figui delinesdo for flight planninggaierd, at a mini mu

1 Adigital flight line layout using Teledyne Optecflight design software for direct
integration into the aircraft flight navigation system.

1 Planned flight lines; flight line numbers; and coverage area.

9 Lidar coverage extended by a predeterminedmargin beyond all project borders to
ensure necessary overedge coverage appropriate for specific task order delverables.

9 Local restrictions related to air space and any controlled areas have been investigated
so that required permissions can be obtainedin a timely manner with respect to

schedule. Additionally, Intermap will file our flight plans as required by local Air Traffic
Control (ATC) prior to each mission.

Intermap monitored weather and atmospheric conditions and conducted lidar missions only
when no conditions exist below the sensor that will affect the collection of data. These
conditions include leaf -off for hardwoods, no snow, rain, fog, smoke, mist and low clouds. Lidar
systems are active sensors, not requiring light, thus missions may be onducted during night
hours when weather restrictions do not prevent collection. Intermap accesses reliable weather
sites and indicators (webcams) to establish the highest probability for successful collection in
order to position our sensor to maximize successful data acquisition.

Within 72 -hours prior to the planned day(s) of acquisition, Intermap closely monitored the
weather, checking all sources for forecasts at least twice daily. As soon as weather conditions
were conducive to acquisition, our aircraft mobilized to the project site to begin data collection.
Once on site, the acquisition team took respansibility for weather analysis.

Lidar System parameters

Intermap operated aNavajo aircraft; 1969 Piper Piper-PA31loutfitted with a n ALTM Galaxy lidar
system during the collection of the study area. Table 31 illustrates Intermap system parameters
for lidar acquisition on this project.
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Item Parameter

System Leica ALS-70 HP
Altitude (AGL meters) 1600
Approx. Flight Speed (knots) 145
Scanner Pulse Rate kHz) 300
Scan Frequency (hz) 42.3
Pulse Duration of the Scanner (nanoseconds) 4
Pulse Width of the Scanner (m) 1.05
Swath width (m) 978
Central Wavelength of the Sensor Laser (nanometers) 1064
Did the Sensor Operate with Multiple Pulses in The Air?

(yes/no) Yes
Beam Divergence (milliradians) 0.25
Nominal Swath Width on the Ground (m) 978
Swath Overlap (%) 30
Total Sensor Scan Angle (degree) 34
Computed Down Track spacing (m) per beam 0.57
Computed Cross Track Spacing (m) per beam 0.57
Nominal Pulse Spacing (single swath), (m) 0.7
Nominal Pulse Density (single swath) (ppsm), (m) 2
Aggregate NPS (m) (if ANPS was designed to be met

through single coverage, ANPS and NPS will be equal) 0.7
Aggregate NPD (m) (if ANPD was designed to be met

through single coverage, ANPD and NPD will be equal)

Maximum Number of Returns per Pulse

Table 31: Intermap lidars ystem parameter s

Acquisition Status Report and Flightlines

Upon notification to proceed, the flight crew loaded the flight plans and validat ed the flight
parameters. The Acquisition Manager contacted air traffic control and coordinate d flight
pattern requi rements. Lidar acquisition began immediately upon notificati on that control base
stations were in place. During flight operations , the flight crew monitor ed weather and
atmospheric conditions. Lidar missions were flown only when no condition existed below the
sensor that would affect the collection of data. The pilot constantly monitor ed the aircraft
course, position, pitch, roll, and yaw of the aircraft. The sensor operator monitored the sensor,
the status of PDOPs, and performedthe first Q/C review during acqui sition. The flight crew
constantly reviewed weather and cloud locations. Any flight lines impacted by unfavorable
conditions were marked as invalid and re-flown imme diately or at an optimal time.

Figure 35 shows the combined trajectory of the flightlines.
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Figure 35 : Trajectories as flown by Intermap

Lidar Control

Six existing NGS monuments were used to control the lidar acquisition for the Texas West
Central lidar project area. The coordinates of all used base stations are provided in the table
below. All control and calibration points are also provided in shapefile format as part of the
final deliverables.
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NAD83 (2011) UTM 14

(NAD83 (2011) , m)
Easting X (m) Northing Y (m)

TXBN 762090 3722129 161.789
[ TXGE | 774699 3669776 136.166

NAD83 (2011) UTM 15
(NAD83 (2011) , m)
Easting X (m) Northing Y (m)

[ OKAN | 258448 3786906 141.568
307788 3720941 106.315
292875 3671424 133.766
262937 3728970 146.327

Table 327 Base stations used to control lidar acquisition

Airborne  GPS Kinematic

Airborne GPS data was processed using the Applanix PosPAC MMS 8.2 kinematic OiThe-Fly
(OTF) software suite. Flights were flown with a minimum of 6 satellites in view (13° above the
horizon) and with a PDOP of better than 3.6. Distances from base station to aircraft were kept to
a maximum of 27.2 miles.

For all flights, the GPS data can be classified as excellent, with GPS residuals of 4 cm average or
better but no larger than 15 cm being recorded.

GPS processing reports for each mission ard@ncluded in Appendix H.

Generation and Calibration of Laser Points (raw data)
The initial step of calibration is to verify availability and status of all needed GPS and Laser data
against field notes and compile any data if not complete.

Intermap processed Lidar points using Lidar Mapping Suite (LMS) from Teledyne Optech;
Version 5.3, initially with default values from Optech. Then the calibration points received
from Dewberry were used. The initial point generation for each flight calibration was

verifi ed within Lidar Mapping Suite (LMS) and Global Mapper Lidar Module for calibration
errors. If calibration errors greater than the project specification was observed within the
flight, the roll, pitch and scanner scale corrections were re-calculated and applied. The
flights with the new calibration values were regenerated and underwent additional
internally quality control.

Data collected by thelidar unit is reviewed for complete ness, acceptable density and tanake
sure all data is captured without errors or corrupted values. In addition, all GPS, aircraft



On a project level, a supplementary coverage check is carried out to ensure no data voids

trajectory, mission information, and ground control files are reviewe d and loggedinto a
unreported by Field Operations are present.
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Figure 3 61 Lidar swath output showing complete coverage.
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Boresight and Relative accuracy

The initial points for each mission calibration are inspected for flight line errors, flight line
overlap, slivers or gaps in the dafa, point data minimums, o r issues with the lidar unit or GPS.
Roll, pitch and scanner scale are optimized during the calibration process until the relative
accuracy is met.

Relative accuracy and internal quality are checked usingat least 3 regularly spaed QChblocks in
which points from all lines are loaded and inspected. Vertical differences betweenground
surfaces of each line are displayed. Color scale iadjusted so that errors greater than the
specifications are flagged. Cross sections are visudy i nspected across each blocko validate
point to point, flight line to flight line and mission to mission agreement.
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For this project the specifications used are as follow:
Relative accuracy <= 6cm maximum difference within individual swaths and <= 8 cm RMSDz
between adjacent and overlappingswaths.

Figure 37 1 Profile views showing correct roll and pitch adjustments.

Figure 38 1 QC block colored by distance to ensure accuracy at swath edges.

A different set of QC blocks are generated for finalreview after all transformations have been
applied.
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Preliminary Vertical Accuracy Assessment

A preliminary RMSE ; error check is performed by Intermap at this stage o the project life cycle
in the raw lidar dataset against GPS static and kinematic data ad compared to RMSE; project
specifications. The lidar data is examined in non-vegetated flat areas away from breaks. Lidar
ground points for each flight line generated by an automatic classification routine are used.

Prior to delivery to Dewberry, the elevation data was verified internally to ensure it met Non -

vegetated Vertical Accuracy (NVA)requirements (RMSE,O 10 c¢cm an,dtthA@eur acy
confidence level O 19.6 c¢cm) when compared to stat
summary for the test:

The calibrated Texas Wesy Central Lidardataset wastested to 0.096 m vertical accuracy at 95%
confidence level based on RMSE (0.049 m x 1.9600) when compared to 39 GPS staticcheck
points.

The following are the final statistics for the GPS static checkpoints used byIntermap to
internally verify vertical accuracy.

0,
100%of | #of | RMSEZ(M g;’eAcigglsgé’ mean | SO | wmin Max
Totals Points Spec=0.1 m m (m) (m) (m) (m)

Non-
Vegetated 39 0.049 0.096 0.030 0.039 -0.033 0.120
Terrain

Table 33 - Static GPS Vertical Accuracy Results

Overall the calibrated lidar data products collected by Intermap meet or exceed the
requirements set out in the Statement of Work. The quality control requirements of Intermap
guality management program were adhered to throughout the acquisition stage for this project
to ensure product quality.

Lidar Processing & Qualitative Assessment

INITIAL PROCESSING

Once Dewberry receives the calibrated swath data from the acquisition provider, Dewberry
performs several validations on the dataset prior to starting full -scale production on the project.
These validations include vertical accuracy of the swath data, interswath (between swath)
relative accuracy validation, intra -swath (within a single swath) relative accuracy validation,
verification of horizontal alignment between swaths, and confirmation of point density and

spatial distribution. This initial assessment allows Dewberry to determine if the data are

suitable for full -scale production. Addressing issues at this stage allows the data to be corrected
while imposing the least disruption possible on the overall production workflow and overall
schedule.

Final Swath Vertical Accuracy Assessment
Once Dewberry received the calibrated swath data from Precision Aerial Reconnaissance,
Airborne Imaging, Axis Geospatially, Eagle Mapping Inc., Leading Edge Geomatics Aerial
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Services, Inc, and Intermap, Dewberry tested the vertical acairacy of the non-vegetated terrain
swath data prior to additional processing. Dewberry tested the vertical accuracy of the swath
data using the Seven hundredand one non-vegetated (open terrain and urban) independent
survey check points. The vertical accuracy istested by comparing survey checkpoints in non-
vegetated terrain to a triangulated irregular network (TIN) that is created from the raw swath
points. Only checkpoints in non-vegetatedterrain can be tested against rawswath data because
the data has not undergone classification techniques to remove vegetdion, buildings, and other
artifacts from the ground surface. Checkpoints are always compared tointerpolated surfaces
from the lidar point cloud because it is unlikely that a survey checkpoint will be located at the
location of a discrete lidar point. Dewberry typically uses LP360 software to test the swath lidar
vertical accuracy, Terrascan software to test the classifiedidar vertical accuracy, and Esri
ArcMap to test the DEM vertical accuracy so that three different software programs are used to
validate the vertical accuracy for each project. Project specifications require a NVA of 19.6cm
based on the RMSE (10cm) x 1.96. The dataset for theTexas West CentralLidar Project
satisfies this criteria. This raw lidar swath data set was tested to meet APRS Positional
Accuracy Standards for Digital Geospatial Data (2014) for a 10 cm RMSE Vertical Accuracy
Class. Actual NVA accuracy was found to be RMSE= 4.6 cm, equating to +/ - 9 cm at 95%
confidence level. The table below shows all calculated statists for the raw swath data.

NVA 1 Non -
vegetated
Vertical
Mean Std i
. _ Accuracy skew | Dev | Min | Max b iosis
Points |Spec=0.10 (RMSE , x (m) i (m) | (m)
1.9600)
Spec=0.196 m

Non-

Vegetated
Terrain 701 0.046 0.090 0.004 0.003 0.206 0.046 -0.165 0.221 1368

Table 34 : NVA at 95% Confidence Level for Raw Swaths

Inter -Swath (Between Swath) Relative Accuracy

Dewberry verified inter -swath or between swath relative accuracy of the dataset by creating
Delta-Z (DZ) orthos. According to the SOW, USGSLidar Base Specifications v1.2, and ASPRS
Positional Accuracy Standards for Digital Geospatial Data, 10 cm Vertical Accuracy Class or QL2
data must meet inter -swath relative accuracy of 8 cm RMSDz or less with maxinum differences
less than 16 cm. These measurements are to be taken in nonegetated and flat open terrain
using single or only returns from all classes. Measurements are calculated in the DZ orthos on
1-meter pixels or cell sizes. Areas in the dataset Wwere overlapping flight lines are within 8 cm of
each other within each pixel are colored green, areas in the dataset where overlapping flight
lines have elevation differences in each pixel between 8 cnto 16 cm are colored yellow, and
areas in the datasetwhere overlapping flight lines have elevation differences in each pixel
greater than 16 cm are colored red. Pixels that do not contain points from overlapping flight

lines are colored according to their intensity values. Areas of vegetation and steep sbpes (slopes
with 16 cm or more of valid elevation change across 1 linear meter) are expected to appear
yellow or red in the DZ orthos. If the project area is heavily vegetated, Dewberry may also create
DZ Orthos from the initial ground classification onl y, while keeping all other parameters
consistent. This allows Dewberry to review the ground classification relative accuracy beneath
vegetation and to ensure flight line ridges or other issues do not exist in the final classified data.
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Figure 4071 Single return DZ Orthos of delivery B lock 01 for the TX West Central Lidar project. Inter -
swath relative accuracy passes specifications.
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lock 0 2 and 03 for the TX West Central Lidar

-swath relative accuracy passes specifications.

Figure 417 Single ret urn DZ Orthos of delivery B

Inter

project.
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Figure 427 Singl e return DZ Orthos of delivery B lock O 4 for the TX West Central Lidar project. Inter
swath relative accuracy passes specifications.
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lock O 5 for the TX West Central Lidar project. Inter

Figure 437 Singl e return DZ Orthos of delivery B
swath relative accuracy passes specifications.
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delivery B lock 0 6 for the TX West Central Lidar project. Inter

swath relative accuracy passes specifications.

Figure 447 Single return DZ Orthos of
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lock 0 7 for the TX West Central Lidar project.

Figure 4571 Singl e return DZ Orthos of delivery B

swath re lative accuracy passes specifications.
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Block 08 for the TX West Central Lidar project. Inter

swath relative accuracy passes specifications.

Figure 467 Single return DZ Orthos of delivery
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Figure 4771 Singl e return DZ Orthos of delivery B lock 0 9 for th e TX West Central Lidar project. Inter -
swath relative accuracy passes specifications.

Figure 4871 Singl e return DZ Orthos of delivery B lock 10 for the TX West Central Lidar project. Inter -
swath relative accuracy passes specifications.
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Figure 497 Sin gle return DZ Orthos of delivery Block 11forthe TX West Central Lidar project. Inter -
swath relative accuracy passes specifications.
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Figure 507 Singl e return DZ Orthos of delivery B lock 12 for the TX West Central Lidar project. Inter
swath relative a ccuracy passes specifications.

















































































































































































































































































