RPSEA

Final Technical Report
10121.4903.02.FINAL

Authored by: Taylor Reeves, John Jacobson
Lockheed Martin Mission Systems and Training

Autonomous Underwater Inspection
Using a 3D Laser
10121-4903-02

November 18, 2014

John Jacobson
Senior Program Manager
Lockheed Martin MST
100 E. 17th Street
Riviera Beach, FL 33404



LEGAL NOTICE

This report was prepared by Lockheed Martin MST as an account of work sponsored
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AND/OR RECOMMENDATIONS REPORTED HEREIN ARE THE PROPERTY OF THE U.S.
DEPARTMENT OF ENERGY.
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ABSTRACT

This document provides the Lockheed Martin (LM) Final Technical Report
documentation in accordance with Phase IV Task 8.0 “Conduct Local Offshore Testing /
Prototype Field Test” and deliverable D.14 of RPSEA subcontract 10121-4903-02, “Final
Technical Report”. This report documents the local offshore integration and testing
activities completed to-date associated with Phase IV “Local Offshore Prototype Field
Test” requirements.

Under Subtask 8.0—“Conduct Local Offshore Testing / Prototype Field Test,” Lockheed
Martin conducted a meeting with the Working Project Group on February 6, 2014 to
describe and outline offshore testing requirements. Following the offshore testing
procedures agreement of the Working Project Group (Deliverable D.12 and D.13),
offshore integration and test activities were kicked off. Prior to this phase, mission
planning and performance prediction were facilitated with simulation runs (prior to
underwater testing). This report documents the results of this Phase IV Offshore
Prototype Testing.

RPSEA authorized Lockheed Martin to proceed to Phase IV of the 4903-02 project on
December 19, 2013. During this phase, Lockheed Martin successfully conducted
integration and offshore testing of the AUV-based 3D laser imaging system. Additionally,
Lockheed Martin conducted an offshore prototype field test to verify the capabilities of
the marinized AUV-based 3D laser imaging system. The extended prototype field test
included laser-based 3D mapping and change detection capabilities. RPSEA was notified
about the time and location of the offshore prototype field testing activities.

This Final Technical Report contains a summary of the technology employed to perform
autonomous underwater inspection using a 3D laser.
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1.0 SCOPE

The goal of this project was to develop and demonstrate the technology required to
conduct AUV-based 3D laser imaging with 3D Mapping and Change Detection.
Objectives included demonstration of close-in, high resolution underwater structural
inspection using an AUV with a 3D laser, generation of high resolution 3D models of
subsea structures such as platforms, pipelines, etc. using an AUV with a 3D laser, and
performance of detection of flaws or damage against a priori structural models. The
utilization of 3D laser technology allows for processing of data to occur by generating 3D
models in the span of hours vs. days using traditional methods. This technology also
employs smaller vessels, fewer crew members, and no umbilical management. Change
detection capabilities enable on-site assessment of survey results and structural
anomalies. A rapid assessment of damage can be conducted after environmental events
transpire. Accurate, geo-registered modes for structural integrity assessment can also
be generated. Overall, potentially dramatic cost reductions and improved operating
efficiencies can be achieved if high-accuracy inspections can be performed utilizing an
AUV.

The scope of this project is to repackage 3D at Depth’s 3D laser for AUV deployment
and integrate it with LM’s AUV-based inspection capability. The resulting AUV-based 3D
laser inspection system achieves the capability to (1) conduct close-in, high resolution
structural inspection, (2) generate 3D models of risers, flowlines, and other subsea
structures, and (3) perform detection of flaws or damage against a priori structural
models. In addition, the resulting data can be geo-spatially registered, enabling end
users to geographically register inspection data in world-view database applications
such as ARC-GIS.

Areas for future development outside the scope of this effort include autonomous
re-plan of a path to revisit these areas where change was detected for the collection of
high-definition optical imagery, as well as enhancements to the stability of the
stationkeeping mode of the AUV for improvements in detection accuracy. This report
documents the results of the Local Offshore Prototype Testing utilizing an AUV equipped
with a 3D laser sensor.



2.0 REFERENCED DOCUMENTS

This section lists the title, revision/date of all documents referenced in this
document. The LM Program Office will manage requirement deconfliction in the event
of a conflict with this document. Any required document updates will be managed in
accordance with the change management process required by Configuration
Management.

The following documents of the exact issue shown form a part of this document to
the extent specified herein. Copies of the documents may be obtained by contacting
the appropriate parties and ensuring that any necessary valid information exchange
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“3D Laser Development Program for ROVs” RPSEA Contract 09121-3300-06
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3.0 TECHNOLOGY BACKGROUND

The integration of an underwater 3D Laser imaging capability with Lockheed
Martin’s Autonomous Underwater Vehicle (AUV) represents a major improvement over
current AUV sonar imaging capabilities. Development and integration of these
capabilities further enhances the benefits associated with performing Inspection, Repair
and Maintenance (IRM) activities using an AUV. AUVs outfitted with 3D laser imaging
systems may provide new, high accuracy tools for subsea integrity management that are
currently used extensively in terrestrial applications, including High Definition Scanning
(HDS) for close-in inspection of problem areas, and underwater LIDAR (Light Detection
and Ranging) for 3D mapping and inspection of flowlines, risers, and other subsea
infrastructure. When integrated with autonomous change detection against an existing
3D model, the 3D laser will provide an unprecedented capability to quickly and
accurately assess subsea infrastructure integrity and autonomously detect damage or
degradation with centimeter resolution or better.

Under RPSEA Project 09212-3300-06, 3D at DEPTH, LLC developed an underwater
3D imaging capability, based on patented technology, which demonstrated the ability to
generate accurate 3D models of deepwater assets. This capability provides sensor data
resolution that is more accurate than 3D sonar data at considerably faster collection
rates. Successful tank trials were conducted December 2011.

Project Objectives: \
* Develop subsea 3D laser imaging and

measurement capability from TRL 2
to TRL5:

¥ Poolteston tripod

¥ ROV Test Tank

v' Offshore testing on tripod

v Offshore testing on ROV

Underwater 3D Laser Prototype Testing Has Produced Spectacular
Results with Millimeter Accuracies

Figure 1- Summary of RPSEA Project 09212-3300-06
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Under RPSEA Project 09121-3300-05, Autonomous Inspection of Subsea Facilities,
Lockheed Martin (LM) developed AUV technologies that provide the capability to
conduct AUV-based post-hurricane platform inspection using 3D mapping, and change
detection with a 3D sonar. Successful technology validation trials for this technology
were conducted with the Marlin® AUV during the summer of 2011.

Project Objective:

* Develop and demonstrate 3D Modeling
and Change Detection using an AUV-based
3D Sonar including:

¥ Close-in, high resolution3D sonar imaging
¥" High resolution, geo-registered 3D models
¥" Detection of changes against a priori models

" The Marlin® AUV Builds Geo-Registered 3D Models “On the Fly”
At Speeds of ~ 2 Knots

Figure 2 — Summary of RPSEA Project 09121-3300-05

The maturity of a project is measured using the Technology Readiness Levels (TRL)
as documented in the American Petroleum Institute Recommended Practice (APl RP)
17N. The AUV-based 3D Laser Imaging capability will be advanced from TRL O (unproven
concept) to TRL 4 (pre-production system environment tested) under this contract. The
anticipated TRL transitions will occur as the project progresses through its four phases
as shown below in Figure 3.
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AUV-based 3D Laser Imaging Capability

Current State Phase 1 Fhase 2 Phaze 3 Fhase 4
AUV-based AUV-based ‘ 3D Laser 3D Laser AUV-based
3D Laser Laserimaging HWWISWY Lab Laserimaging

Imaging Requirement Development Integration Local Offshore

Capability Definition Test
TRLO TRL 1 TRL 2 TRL3 TRL 4

Unproven Prototype Environment

Tested Tested

Concept

Concept Concept

1
1
1
1
1
1
1
Proven : Validated
1
1
1
1
1
1
1

Technology Cesign Frototype Preproduction
Concept Validated by Functional & System
Formulated FPhysical Model Ferforman ce Test EnvironmentTested

Figure 3 - AUV-based 3D Laser Imaging TRL Transitions

The core technologies of interest have been demonstrated for other applications
and/or in other environments. However, due to additional complexity and / or the new
environment, there is a need for additional development and testing for application in
AUV-based 3D Laser Inspection.

Table 1 summarizes the current state of the individual key technologies along
with an assessment of the current TRL and the expected TRL at the completion of this

effort.
Table 1 — Summary of Technologies
Summary of Technology Assessment — As
Technology . . Pre TRL | Post TRL
Applicable to 3D Laser Inspection
Underwater 3D Laser Demonstrated on ROV platform, needs to be TRL3 TRLA
Sensor Packaging repackaged for AUV platform deployment

Data fusion algorithms will need to be applied to
multiple sensor data sets and analyzed for TRL2 TRL4
further development and tuning

Multi-Resolution
Modeling

Demonstrated on ROV platform, AUV based
Underwater 3D Laser ) : .
. platform data will be integrated with INU data to
Mobil Platform . TRL3 TRL4
improve accuracy and analyzed for further
Accuracy

development and tuning

14



\"‘\

i

§

Figure 4 below illustrates the proposed AUV-based laser inspection system.
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Figure 4 - AUV Based 3D Laser Inspection System

3.1 3D Laser Technology

3D laser scanning has become a prominent sensor for acquiring spatial data in
three dimensions with high fidelity and low processing time. 3D imaging systems are
instruments that are used to rapidly measure (typically on the order of thousands of
measurements per second or faster) the 3D coordinates of points on an object or within
a region of interest.

3D Laser sensor technology leverages a land-based survey and measurement
industry that was transformed by 3D laser scanning technologies. It is a mature, multi-
billion dollar industry that quickly produces precise, high resolution 3D models of as-
built facilities with a variety of Commercial off the Shelf (COTS) post processing
programs. Developing this technology to provide high definition subsea laser imaging
enables the deep-water industry to use the current state of the art in 3D metrology and
related best practices developed for the terrestrial market.

There are several methods and technologies being used to perform 3D laser
scanning. Laser light can be projected as a single point or a laser line containing
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hundreds of laser points. Time-of-flight 3D laser scanner uses laser light to find the
distance of a surface by timing the round-trip time of a pulse of light. Triangulation 3D
laser scanners shine a laser on the subject and use a camera to look for the location of
the laser dot. Structured light laser scanning projects a narrow band of light onto a
surface producing a line of illumination that appears distorted from other perspectives
than that of the projector, and can be used for an exact geometric reconstruction of the
surface shape.

All methods have strengths and weaknesses that make them suitable for different
applications. The maximum ranges of 3D imaging systems vary from under 1 m to over a
kilometer (several feet to over half a mile), and measurement errors vary from sub-
millimeter level to centimeter level (thousandths of an inch to tenths of inches), with
greater errors more often associated with the longer range instruments. Required scan
time, size, weight, and power are all variables that need to be traded off against one
another. Performance in a wide variety of water turbidities is also desired.

3D at Depth, LLC is the developer and supplier of the underwater 3D laser. The
laser parameters are compatible with current AUV concept of operations. They will
contribute their proprietary imaging technology and expertise in subsea imaging
applications, developed in conjunction with offshore oil and gas end users and subsea
survey & positioning service providers.

3.2 3D Modeling Technology

This project modifies the existing Marlin® AUV software suite to accommodate a
new mission for 3D laser inspection. It involves minor modifications to the same
backend technology that is being used with SONAR and other sensors on the Marlin®
vehicle. The generation of a 3D model using laser sensor point cloud data has already
been demonstrated. The challenge will come from developing the interface with the
new sensor for data collection.

The extension of the existing Marlin® software to log accurately time stamped, 3D
laser data to support assessment of post processing for multi-senor optimized model
building is planned under the scope of this effort. Initial evaluation shows this
development to be low risk.
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The technology gap that currently exists is the generation of a multi-resolution
model, where different sections of the model have different resolutions, depending on
whether sonar, laser, or a fused, optimized data set is available for that section of the
model. Sensor fusion is the combining of sensor data such that the resulting
information is more accurate, more complete, or more dependable than would be
possible when these sources are used individually. Depending on the outcome of the
assessment, the opportunity may be realized to provide a multi-resolution model.

3.3 Mobile Platform Technology

Due to absorption of water, realizable deepwater systems are limited in range as
compared to terrestrial-based systems. An underwater laser accuracy and range
measurement of 3mm at 8m range has been demonstrated for an underwater laser
sensor integrated with an ROV. The current range capabilities of the AUV-based
inspection system are sufficient for demonstration of this sensor.

The primary technology challenge of the 3D senor is the presence of image
distortion due to vehicle instability during HDS. Integration of data from INS will apply
corrections to resulting dataset and will improve the current solid model measurement
discrepancies.

The extension of the existing Marlin® software to log the 3D laser data to support
assessment of post processing for change detection accuracy and precision is planned
under the scope of this effort. Initial evaluation shows this development to be low risk.
Depending on the outcome of the assessment, the opportunity may be realized to
provide accuracy greater than expected.

17



4.0 PROJECT OVERVIEW

This report documents the results of RPSEA 10121-4902-03 Autonomous
Underwater Inspection Using a 3D Laser in the Palm Beach, FL offshore test
environment. This testing utilized Lockheed Martin (LM) developed autonomy software
installed on Lockheed Martin’s Marlin® Autonomous Underwater Vehicle (AUV). Since
this demonstration was conducted in a local offshore test environment, it has resulted
in achieving a Technology Readiness Level (TRL) of TRL 4 which will help increase
operator confidence of AUV facility inspection capabilities for use in shallow and
deepwater field environments.

The goal of this project was to develop and demonstrate the technology required to
conduct AUV-based 3D laser imaging with 3D Mapping and Change Detection.
Objectives included demonstration of close-in, high resolution underwater structural
inspection using an AUV with a 3D laser, generation of high resolution 3D models of
subsea structures such as platforms, pipelines, etc. using an AUV with a 3D laser, and
performance of detection of flaws or damage against a priori structural models. The
utilization of 3D laser technology allows for processing of data to occur by generating 3D
models in the span of hours vs. days using traditional methods. This technology also
employs smaller vessels, fewer crew members, and no umbilical management. Change
detection capabilities enable on-site assessment of survey results and structural
anomalies. A rapid assessment of damage can be conducted after environmental events
transpire. Accurate, geo-registered modes for structural integrity assessment can also
be generated. Overall, potentially dramatic cost reductions and improved operating
efficiencies can be achieved if high-accuracy inspections can be performed utilizing an
AUV

This project accomplished the project objectives in four defined phases of work:

Phase 1 - Requirements Definition. Phase | activities included the definition of the
Concept of Operations for AUV-based 3D laser-based inspection and the definition of
the 3D laser system, subsystem and interface requirements necessary to support the
Concept of Operations.

Phase 2 — Design / Build. Phase 2 activities consisted of AUV software/hardware design
and 3D Laser Design/Build. Thisincluded the hardware/software design necessary to
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interface the AUV-based 3D Laser with the Marlin® AUV and its existing perception
autonomy software. It also included the design/fabrication of a 3D laser that has been
repackaged for use with an AUV.

Phase 3 — Onshore Integration and Test. Phase 3 activities consisted of laboratory
software integration and test activities, culminating in a laboratory demonstration, as
well as hardware integration of the 3D laser sensor with the AUV at the LM Palm Beach
Facility.

Phase 4 — Local Offshore Prototype Field Test. Phase 4 consisted of dockside integration
and local offshore test and prototype test and an AUV-based 3D laser inspection
capability in a representative subsea environment.
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5.0 ONSHORE TESTING SUMMARY

This section of the report provides a high level summary of the onshore testing events
that took place prior to the commencement of RPSEA Phase IV Offshore Testing /
Prototype Test under RPSEA contract 10121-4903-02. This input from this onshore
integration is vital to performance characterization of the AUV equipped with the 3D
laser.

5.1 Simulation Testing

In order to perform these data collection tasks in an offshore environment, a high
fidelity simulation was developed for 3D Laser mission planning. Mathematical models
of error/noise were added to the simulated LADAR data and adjusted appropriately
given the specific test cases / test fixture of interest. De-risking of offshore operations
typically begins with a laboratory simulation that incorporates geo-registered 3D models
of the subsea scene and bathymetry, vehicle motion and trajectory, simulated models of
the actual laser performance (transmission and scattering) in the sea water medium,
simulated performance of tactical sensor suite, and the onboard signal processing used
by the Marlin® AUV.

A series of test cases were developed to allow the engineers to examine the
performance of the AUV-based LADAR 3D imaging system across a range of varying
parameters. Each test run produced 3D models of the subsea field providing confidence
in the performance before ever going to sea. This same approach was used successfully
in the development of the AUV-based Acoustic 3D imaging system by implementing the
Marlin® with the Coda Octopus Echoscope® 3D SONAR. Figure 5 below provides a high
level overview of Lockheed Martin-Palm Beach’s shore-based simulation laboratory.
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Figure 5 — Marlin Simulation Laboratory RPSEA LADAR Configuration

The objectives of the simulation effort are listed in Figure 6 below.

Objectives:

* Integrate the 3D laser interfaces into
the system

« Maximize the use of actual hardware
interfaces such as processors and
sensors

+ Use simulators and emulators in place
of actual hardware

« Simulate AUV-based underwater 3D
laser imaging

+ Assess and optimize performance
prior to offshore testing

Figure 6 — Simulation Lab Testing Objectives

An overview of the test cases aligns with

Table 2 below.



Table 2 — List of Simulated Test Cases

TestCase #1 Wellhead Verticality
Test Case #2 Jumper Metrology
TestCase #3 Anode Volumes on a Manifold
TestCase #4 Pipeline Bracelet Anode Depletion
Test Case #5 Pipeline Bar Anode Depletion
Test Case # 6A Pipeline Dent Detection
Test Case # 6B Pipeline Pit Detection
Test Case #7 Pipeline Concrete Coating Damage Detection
Test Case #8 Spoils Volume
Test Case #9 Platform Inspection (SONAR vs. LADAR)
Test Case # 10A Mooring Chain Pit Detection
Test Case # 10B Mooring Chain Link Wear

Prior to kicking off simulation activities for specific test cases, it was imperative to
conduct an analysis to determine appropriate assumptions regarding vehicle
parameters and sources of error/noise. The objective of this analysis was to determine
appropriate constraints used for simulating typical vehicle characteristics and adjusting
such parameters based on the specific test case being ran. Examples of such
adjustments include slowing vehicle speed for measuring precise pit dimensions on
deepwater pipeline (in which resolution is of most importance) or adjusting range based
on subsea structure type (closer range for pipelines, larger range for oil-producing
infrastructure such as wellheads or manifolds due to safety/standoff requirements).

Table 3 below illustrates the summary of vehicle parameters and values used during
simulation activities.
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Table 3 — Assumed Vehicle Parameters

Typical AUV Speed
Alternative AUV Speed
Cross Track Angle
Cross Track Scan Rate
Target Scan Range
Scan Type
Scan Pulses
Scan Frame Time

Scan Dead Time

1.0 m/s
0.2m/s
+/-15°
50 Hz
3m-—15m
Bowtie
504
33msec

9msec

Table 4 below provides a summary of the various noise and error sources measured and

derived from simulation activities.

Timing Error

Sensor Calibration — Offset

Sensor Calibration — Rotation

Sensor Noise — Range

Sensor Noise — Pointing Angle

Table 4 — Derived Noise/Error Sources

1.8 msec std dev

1mm about all axes

.25° about all axes

1 cm std dev

.02° std dev
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Several test cases yielded excellent results, as agreed upon by the Working Project
Group. These test cases included:
e Wellhead Verticality
e Jumper Metrology
e Anode Depletion
e Spoils Volume
It has been determined that additional work would be required to assess and/or
optimize other test cases, which include:
e Pipeline Dent / Pit / Concrete Coating Damage Detection and Measurement
e Mooring Chain Pit / Wear Damage Detection and Measurement
As a high level overview, Table 5 below presents the results of the 12 cases in summary
form.
Table 5 — Simulation Results in Summary Form
‘ No. Test Case Name Summary of Results
1 Wellhead Verticality All Test Cases < 0.08 Degrees Angular Measurement
2 Jumper Metrology All Test Case Length / Elevation Errors < 0.5%
3 Anode Depletion: Manifold All Test Case Errors < 2% (Length), < 8% (Width)
4 Anode Depletion: Pipeline Bracelet All Test Case Errors < 4% Anode Volume
5 Anode Depletion: Pipeline Bar All Test Case Errors < 7.5% (Length), < 10% (Width)
6A Pipeline Dent Detection Test Case Errors 2% - 40% (Depth), 0%-5% (Width)
6B Pipeline Pit Detection Test case errors 4% -28% (Depth), 16%-67% (Width)
Pipeline C te Coating Damage
7 "petfieSoncrete . ating Damag Test case errors 23%-25% (Depth), 9%-12% (Width)
Detection
8 Spoils Volume Test Case Volumetric Error ~ 2%
9 Platform Inspection (SONAR vs. LADAR) Qualitative Comparison Only — Significantly Better
10A Mooring Chain Pit Detection Test Case Errors 0% -37% (Depth), 4%-40% (Width)
10B Mooring Chain Link Wear Test Case Errors 16% (Nominal), < 31% (worn)
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Notable Test Cases:
— Wellhead Verticality
— Manifold Anode Depletion
— Pipeline Bracelet Depletion
— Pipeline Dent/ Pit Detection

— Mooring Chain Pit/ Wear
Damage Detection and
Measurement

— PlatformInspection
Spoils Volume

Figure 7 — LADAR Simulation Scans at 2 Knot AUV Speed

Figure 7 above provides graphic images of several of the test cases that were performed
during simulation testing. Images include both the solid model used in the simulation
environment, as well as the point cloud image resulting from the simulated imaging of
the target using the 3D laser. Starting from the bottom left, paired images include the
following test cases:

1.

2.
3.
4

Wellhead verticality measurement

Platform measurement

Manifold anode depletion measurement, and
Mooring chain pit / wear measurement
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6.0 TEST READINESS REVIEW (TRR)

On Monday, March 11, 2014, Lockheed Martin-Palm Beach kicked off offshore testing
activities by holding a formal Test Readiness Review (TRR). This TRR is generally
conducted immediately following hardware integration and immediately prior to first-
time-in-water testing.

6.1 Purpose

The purpose of this TRR was to determine the test readiness of the 3D at Depth, LLC DP2
3D Laser sensor on board the Lockheed Martin Marlin® AUV for Phase IV offshore
prototype testing conducted offshore of the Lockheed Martin Palm Beach (LMPB)
facility beginning March 2014. The outcome of the TRR was to be a “go”/”no go”
decision on whether to proceed to test or hold until all conditions and issues, if any,
have been satisfactorily addressed and/or resolved.

6.2 Scope of Testing

The scope of this testing is limited to the collection of laser data of the test targets
deployed in the Test Operations Area.

6.3 Testing Objectives

The objective of the test was to demonstrate the ability of the DP2 Laser to image
objects/structures representative of those found in the offshore oil field environment.

6.4 Entrance Criteria

The following conditions were met prior to the start of offshore testing/data collection:
e Laser Safety Plan written/approved/available

e Test Procedure written/reviewed/available
0 Pre-Dive & Offshore Test Conduct revisions to reflect most current LMPB
test procedures
e Test Structures/Objects designed/fabricated/available

e Test Structures fabricated/deployed/scheduled for deployment
0 Wellhead Verticality
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Jumper Metrology
Anode Volumes

Pipeline Bracelet

O O O O

Mooring Chain
e DP2 Laser fully integrated/tested in Marlin® AUV

e Marlin®/DP2 S/W interfaces/data collection software tested/operational

e TRR held & approval to proceed acquired

6.5 Exit Criteria

The following conditions were met before Phase IV offshore testing was considered
complete:
e Sufficient 3D laser data has been collected to satisfy the data collection goals of
the test.

e All collected data has been safely archived and made available for post-test
analysis.

e All deployed RPSEA test targets recovered from Operations Area.

e All test equipment safely demobilized from M/V Seahawk

e All Test Personnel and hardware returned safely from sea.

6.6 Hardware Configuration

The following hardware configuration is required for offshore prototype testing:
e Marlin® AUV
O DP2 Laserinstalled/integrated
O VCSW DP2 thread installed
0 Integration Facility & Dockside Testing Completed
= DP2 Laser test fired (Integration Facility)
= DP2 Laser scanning & data collection completed (Integration Facility)
= Vehicle First Time In Water (Ground Fault Analysis)

= Weight & Trim
0 Vehicle Fully Operational — No known issues/outstanding discrepancies

27



6.7 Test Readiness

The following test status items will be checked prior to commencement of testing:
Test Status

0 Laser Safety Plan Approved & Available

0 Test Plan Completed & Available
Test EQuipment Status

O Test Targets completed & deployed

Mission Planning
0 Vehicle Sortie Plan(s) Defined, Simulated, & Available

0 Final Target Emplacement Positions Known
0 VCSW “Doughnut” Issue Correction
0 U/I GUI Laser Power Control Defined

0 Laser Operation during Sortie Defined
e Special Training Requirements and Status
0 Laser Safety Training
O Laser/test specific, required for all offshore test personnel

e LM Marine Mammal Observer training
0 Completed for all support vessel crew members
e Test Facilities & Site Status
0 Test Operations Area Designated
= DEP Permit Waiver Granted for Deployed Targets
O Test Targets Fabricated & Deployed
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7.0 OFFSHORE TESTING LOGISTICS

This section of the report provides a detailed summary of the offshore testing events
that took place during RPSEA Phase IV Offshore Testing / Prototype Test under RPSEA
contract 10121-4903-02 as well as the testing events conducted immediately prior to
vehicle integration and offshore testing

7.1 Laser Orientation and Scan Modes

Figure 8 below illustrates the laser orientation with the AUV, and the associated laser
scanning geometry that must be considered when planning laser imaging operations
offshore. In this example, the AUV altitude off the bottom is 5m, the laser sensor field
of view (FOV) is a 30° window centered at a 45° angle from horizontal; the distance to
bottom (target) at the center of the FOV is 7.07m.

Laser Orientation:

Frontal view of the AUV

N

e Max LOS Range = 10 meter

5 meter

4

| 60°

\

5.77m\

2\

7.07 meter

Figure 8 — Laser Orientation Onboard AUV

7.1.1 Continuous Scan Mode

Continuous Scan Mode provides fully programmable, line scan, vertical scanning
operation utilizing the forward motion of the AUV. In Continuous Scan Mode, laser

return data is transferred from the electronics to the host processor after each scan line.
This is referred to as re-arm time. A slight forward track correction per vertical scan line
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can be applied to provide a nearly vertical scan pattern to yield a more symmetric
overall scan pattern. Continuous Scan Mode for a vertical target is shown below in

Figure 9 — Continuous Line Scan Mode.

« o0t st Lt Target Field of View

— Direction of Travel
= —
//"' . 0-75 rI'I/S
:\ /’/_‘__‘-_ /\I
~
<& < (e, I
\_ AL J J

. . . - . +/- 15 degree vertical scan operation

Figure 9 — Continuous Line Scan Mode

7.1.2 Bowtie Scan Mode

Bowtie Scan Mode is an adaptation of the Continuous Scan Mode, and provides fully

programmable, line scan operation with interlaced forward pointing. This mode

provides fast scanning and full field of view operation as a navigational aid. As depicted

below, the laser beam is swept thru a “bowtie” pattern. The characteristics of the

pattern are fully programmable. Each of the four segments contains an equal number of

laser pulses. Bowtie scan mode is shown below in Figure 10 — Bowtie Mode.

pasition 3 pasition 4
=15 15 degrees 1515 degrees
i
=
=
Start, position 1 pasition 2
=15, Odegress AUY Direction of Travel 15 0degraes
CrassTradl

Figure 10 — Bowtie Mode
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7.1.3 Full Scan Mode

Full Scan Mode functions similar to Continuous Scan Mode, but the forward track angle
is stepped between vertical passes to capture high detail of a given target, or to quickly
capture a larger field of view. The re-arm operation occurs after the complete scan
instead of after each vertical pass. In Full Scan Mode, the forward track scan angle can
be stepped from 0 to 15 degrees. Full Scan Mode is fully programmable for scan rates
and forward and vertical coverage angles. Note: although labeled “vertical” for a side
scan orientation, the raster scan motion is still considered “cross track”. The sensor
could be mounted looking down or at a rotated orientation depending on the target of
interest. Future designs could provide motorized movement of sensor per application
forimmediate adjustment and target coverage.

Direction of Travel

0.75 m/s
_—
S::‘::-»-—--—‘ - “"'"“"*--x-.m\
T — )

>

Vertical
& & & 5 5 » F B b >

Forward Track:

Figure 11 — Full Scan Mode

31



5

.

%

i

7.2 Test Targets

This section defines the design configurations of the various laser test targets that may
be used during the conduct of the testing defined herein.

7.2.1 PVC Pipeline (Pipeline Denting and Pitting)

The Type 2 Target class was comprised of pipeline segment/section facsimiles of various
sizes/dimensions that were used to simulate/replicate pipeline dents and pitting found
in the offshore oil field environment. The targets were, as required, scaled down
pipeline segment/sections of a suitable material. Pipeline “Target Use” identifiers were
as follows:

1. Pipeline Denting
2. Pipeline Pitting

3. Pipeline Concrete Coating Damage

Figures 12 through 17 below provide onshore and offshore photos of the PVC Pipeline
test targets.

Onshore:

Figure 12 — Dry PVC Pipeline Test Fixture
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Deployed:

Figure 13 —Submerged PVC Pipeline Test Fixture

Figure 14 — Submerged Close-up View of PVC Pipeline Test Fixture
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: 7.2.2 PVC Verticality / Jumper Metrology

Onshore:

Figure 15— Dry PVC Verticality / Jumper Metrology Test Fixture
Deployed:

Figure 16 — Submerged PVC Verticality / Jumper Metrology Test Fixture
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7.2.3 PRCI Metal Pipeline Sample

Deployed:

Figure 17 — Submerged PRCI 6” Metal Pipeline Sample

7.2.4 PVC Mooring Chain (Pitting and Denting)

The Type 4 Target class was comprised of mooring chain links and/or link facsimiles of
various sizes/dimensions that were used to simulate/replicate chain pitting and wear
found in the offshore oil field environment. The targets were, as required, scaled down
“simulated” chain links of a suitable material, or actual single worn links if available.

Mooring chain “Target Use” identifiers shall be as follows:
1. Mooring Chain Pitting

2. Mooring Chain Linkage Wear

Figures 18 and 19 below provide onshore and offshore photographs of the PVC mooring
chain test targets.
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Figure 18 — Dry Mooring Chain Test Fixture

Deployed:

Figure 19 — Submerged Mooring Chain Test Fixture
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7.2.5 Anode Tree (Anode Volumes & Verticality)

The Type 1 Target class was comprised of anodes and/or anode facsimiles of various
sizes/dimensions that will be used to simulate/replicate Manifold, Bracelet, and Bar
anodes found in the offshore oil field environment. The targets were, as required,
scaled down “simulated” anodes of a suitable material, or actual depleted anodes if
available.

Anode “Target Use” identifiers shall be as follows:
1. Manifold Anode
2. Pipeline Bracelet Anode
3. Pipeline Bar Anode

Figures 20 — 21 provide onshore and offshore photos of the Anode Tree test fixture.

Onshore:

Figure 20 — Dry Anode Tree Test Fixture
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Deployed:

Figure 21 — Submerged Anode Tree Test Fixture

7.2.6 Survey Monuments (Calibration & Localization)

Figure 22 provides photographs of the survey monuments used to perform AUV
navigation calibration and localization procedures prior to laser imaging trials. These
monuments were installed and surveyed by an external third party surveyor in order to
provide accurate positional information in the local test area.

Figure 22 — Submerged Survey Monument Test Fixture
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7.3 Test Operations Area

For a portion of the testing defined herein, the OSS Test Operations Area was used (Ref:
Figure 23 — Satellite View of Test Operations Area).

The OSS Operations Area is an area due south of the Lake Worth Inlet that offers the
following features/benefits for 0SS AUV testing:

Infrequent use by commercial & recreational vessels.
Easily accessible by LMPB support vessels.

Short AUV towing time (< 1 hour).

Water currents < 1 knot

Rocky and sandy seafloor able to support temporary target
structures.

Diver accessible water depths (< 50 feet)

Figure 24 provides a diagram of the OSS Test Operations area in relation

to the Palm Beach Inlet.

Figure 23 — Satellite View of Test Operations Area
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Figure 24 - OSS Test Operations Area

7.3.1 South Operations Area

The South Operations Area is a flat, sandy area in which the test targets described in
Sections 7.2.1 through 7.2.6 were deployed for offshore testing. Figure 25 provides a
diagram of the South Operations Area with the test operations area boundaries
diagramed in green. The small red markers denote the locations of the laser test
targets, including the PVC Pipeline target, the PVC Verticality / Jumper Metrology target,
the PRCI Metal Pipeline sample, the PVC Mooring Chain target, and the Anode Tree
target. The black markers deonte the survey monuments used in calibration and
localization.

Figure 26 depicts the Laser Operation “Keep Out Safety Zone”, depicted in red, and
further described in Section 7.4.2.2 below. The Keep Out Safety Zone is centered on the
AUV, and moves with the AUV during operations. In the example depicted, the AUV is
just entering the South Operations Area, and so the Keep Out Safety Zone is partially
inside, and partially outside, of the South Operations Area.
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Figure 26 — Laser Operation “Keep Out” Safety Zone Boundary
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7.3.2 Cross Current Barge Operations Area

For a portion of the testing defined herein, the OSS Cross Current Barge Operations Area
was used (Ref: Figure 27 - Cross Current Barge Operations Area).

The primary feature/structure of the OSS Cross Current Barge Operations Area is a 50-
foot hopper barge in approximately 60 feet of water that is full of [ime rock boulders
with 15 feet of structural relief sitting across the current. The site also contains large
piles of lime rock boulders to the south and two lime rock boulder arms at the east and
west ends of the barge that extend to the north, completing the structure (reef). Large
diverse communities of resident fish are found at this site including large goliath
grouper.

The OSS Cross Current Barge Operations Area offers the following features/benefits for
0SS AUV testing:

e Infrequent use by commercial & recreational vessels.

Easily accessible by LMPB support vessels.
e Short AUV towing time (< 1 hour)

e Watercurrents <1 knot

e Diveraccessible water depths.

e Solid and intact steel structure with good relief and
identifiable features.

Figure 27 below depicts the Cross Current Barge Operations Area. Figure 28 below
provides a 3D sonar (Coda Octopus) image of the Cross Current Barge.
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7.3.3 Geological Features

The Type 3 Target class was comprised of naturally occurring geological offshore bottom
features that was used to simulate/replicate bottom features, i.e., spoils piles, found in
the offshore oil field environment.

Geological Feature identifiers were as follows:
1. Spoils Pile

2. Rock Outcropping
3. Sand Scalloping/Ridges

7.4 Laser Test Safety

During the conduct of testing defined herein it was stated that SAFETY IS PARAMOUNT.

As such:

e All testing was conducted in accordance with the
appropriate Occupational Safety and Health Administration
(OSHA) guidelines.

e All testing was performed in accordance with Lockheed
Martin Corporate and Lockheed Martin Palm Beach (LMPB)
policies and guidelines.

e All safety precautions outlined in the pertinent equipment
operations manuals were followed.

7.4.1 Laser Safety Requirements

Requirement 1760: A Laser Safety program was initiated.

Requirement 1761: Protective eyewear was required where direct viewing of a class 3B
laser beam could occur.
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The Sensor provided a Class 1 mode of operation for laboratory testing. However, the
sensor normally operated at a Class llIB level. The Sensor provided safety interlocks and
other hardware and software internal checks prior to converting from Class 1 to Class
I1IB operations.

7.4.2 Laser Safety Plan

The Laser Safety Plan has been documented in “Lockheed Martin Laser Safety Plan,
Autonomous Underwater Inspection Using a 3D Laser.”

The purpose of this document was to ensure that the 3D at Depth LLC laser and
associated test support equipment were operated safely and in full compliance with all
applicable Lockheed Martin, State of Florida, Federal, and related industry regulations
and guidelines. This procedure applied to all phases of test conduct where potential
risks existed to both test personnel and the environment of exposure to hazardous laser
energy emissions.

This plan defined the processes and safeguards that were implemented during the
conduct of testing to provide the maximum reasonable assurance of safety while
operating the laser sensor.

This laser Safety Plan addressed the specific safety hazards and safeguards that were
implemented specific to the testing of the laser for the following areas:

e Laser Certification

e Laserclassification

e Training requirements

e Marine Mammal Awareness

e Test Personnel Baseline Eye Exams & Medical Requirements
e Personal Protective Equipment (PPE)

e Standard Operating Safety Procedures

The Standard Operating Safety Procedures were critical to the safe execution of this
program as they addressed laser-specific steps and safety interlocks details. 3D at
Depth authored this safety critical section with specific safeguards for the laser that was
used for this program.
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The following safety hazard precautions and procedures are noted:
O DP2 Laser Classified as a Level 3B

0 Vendor Provided Nominal Ocular Hazard Distances (NOHD)
= Unaided (Air) 250 m
= 5cm Aided Optics (Air) 1.825 km

= |nWater90 m
0 Test Safety Risk Mitigation Precautions & Safeguards
= Laser PPE Mandatory
= Laser Safety Goggles
= Laser LOTO Measures Defined & In Place

=  Minimal Laser Activation Time During Testing

= Essential Test Personnel Only in Laser Hazard Zone (M/V Seahawk,
see Figure 29 and Figure 30)

= Test Range “Keep Out” Zone Established
= Marine Mammal Observers

= Laser Safety Officer

Figure 29— M/V Seahawk
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7.4.2.2 Hazard Area Definition

Figure 30 below provides a diagram of the hazard area associated with laser safety
during offshore operations. The pink box defines the fixed test range area which was
established as a “Keep Out” zone for any marine traffic during test operations. The
orange outer circle, 100 meters in radius, denotes the Nominal Hazard Zone (NHZ), in
which only essential test personnel properly fitted with Laser PPE were allowed during

operations. The dark orange inner circle, with a radius of 65 meters, denotes the

vendor-provided Nominal Ocular Hazard Distance (NOHD) within which the vendor

recommended laser PPE.
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Figure 30 — Hazard Area Definition

7.4.2.3 Vehicle Laser Safety Interlocks

The following safety interlocks and thresholds have been implemented for this testing:

(0]

o
o
o

U/I GUI Power Control
DP2 Laser Network IP Address Safety Interlock
Depth Control
Power On/Off Depth
= Dockside/Towing: 10m
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=  QOperational: 4.5m
0 Egress Point Depth: 4m

Prior to the conduct of testing; the following procedures and guidelines were
reviewed and applied as necessary:

e Laser Safety Plan for RPSEA 4903-02 Autonomous

Underwater Inspection Using a 3D LASER
RPSEA Project No. 10121-4903-02
2013-Aug-27

e Personal Protective Equipment

MAN-ES-01-004 Version 1.4
LMRB Process Asset Library (PAL) Tier 3

e Control of Hazardous Energy (LOTO) Program
MAN-ES-01-006 Version 1.1
LMRB Process Asset Library (PAL) Tier 3

e Electrical Safe Work Practices Program
MAN-ES-01-008 Version 1.1
LMRB Process Asset Library (PAL) Tier 3

7.5 Test Readiness Review (TRR) Summary
The outcome of the Test Readiness Review was as follows:

e Laser Safety Plan & Risk Mitigation Completed
e Test Procedure & Checklists Completed

e Test Vehicle/System Confirmed to be Ready

e Test Software Ready/On Schedule

e Test Targets Deployed in Ops Area
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8.0 OFFSHORE PROTOTYPE TESTING

8.1 Primary Test Objectives

r—

o Primary Test Objectives:
*  Image testtargets using an AUV.basad 3D laser
v Generate geo-regisiersd 3D models
*  Evauae 3D model resolution and dimensonal accuracy
*  Evauate viabiity of AUVbased 30 inspecion for use in deepiater felds

o Test Venue: 2 A
* Local ofishore viaters (PaimBeach, FL) % "‘3"’

o Waterdepths 60208 4a
* Cuments05-2Kt

Figure 31 — Offshore Prototype Testing: Primary Test Objectives

Figure 31 provides the primary test objectives for Phase IV Offshore Prototype testing:

1. Image the test targets using a 3D laser from a moving AUV and obtain useable

data. Surprisingly enough, this objective is quite challenging. All AUV navigation
variables (position relative to the target, altitude, speed, heading, laser FOV,
etc.) must be controlled precisely in order to properly image the targets.

2. Generate geo-registered 3D Point Clouds (models). Assuming properimaging,
this becomes an INS / laser calibration issue. Thisis not a trivial issue and is

further addressed in Section 9.1 below.
3. Evaluate 3D model resolution and dimensional accuracy against Phase Il

Simulation results, and
4. Evaluate the viability of AUV-based 3D laser inspection in deepwater fields
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8.2 Success Criteria and Incremental Test Objectives

Success Criteria and Incremental Tes

o Successfully Obtain Data from a Set of “Core” Offshore Test Cases

« Verify necessary navigasonal accuracy can be achieved 1 acquire targets
wihin laser FOV and buid high-resoluton point clouds

« Collect data on the “core” set of test cases and parameter sets

o Validate and Expand Upon Findings from Simulation Activities
» Vaidate performance is in-ine with Simulason Lab resuls
« |f resulls not achieved, idensfy the key technology / performance issues

« [f performance s in-ine with expectatons, execuie expanded range of test
cases 0 demonstrate ful poiensal of AUV-based 3D laser maging

-
\\.
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Figure 32 — Success Criteria and Incremental Test Objectives

The “Success Criteria” for offshore testing noted in Figure 32 above highlights the
critical challenges associated with AUV-based 3D laser inspection: Can a moving AUV
achieve the navigational accuracy required to (1) acquire targets within the laser FOV,
and (2) build high resolution point clouds with spacial resolution in the millimeter
range? Given that the 3D laser has an angular resolution of approximately 0.03 degrees,
and a range resolution of approximately 3 -5 mm, the navigation solution must be
exceptional.

Incremental test objectives were also communicated to the Offshore Test Team. If
testing were easily able to achieve the primary test objectives, the next level objective
would be to validate that for each test case, the performance of the AUV-based laser
imaging isin line with the performance predicted by the Simulation performed in Phase
[ll. If the performance is not in line with expectations, why not? If performance meets
expectations, can expanded testing be performed to evaluate the limits of this
technology?
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8.3 Test Execution

o Dockside Tesing Completed in Feb 2014
o Test Fixures Deployed in Early March

o 12 Ofshore Test Days Completed from
March ©o October 2014

o Many Chalienges!

Figure 33 — Offshore Test Execution

Figure 33 above illustrates the Marlin AUV, the M/V Seahawk, and a RHIB used during
offshore testing. Offshore test targets were deployed in the southern operations area
on March 6™ and 7, the Test Readiness Review (TRR) was conducted on March 11, and
offshore testing commenced on March 12, 2014. Between March 12" and October 30™,
2014, a total of 12 offshore test days were conducted. The following types of test
activities were conducted:

e Vehicle Shakedown. Basic vehicle functionality was confirmed.

e (Calibration and Localization. Thisincluded (1) sonar scanning against “survey

monuments” (underwater test targets with known lat. / long. positions), (2)
sonar and laser scanning against RPSEA Test Targets, and (3) formal “Calibration
Runs” to calibrate the laser alignment with the INS.

e RPSEA Test Target Imaging. Thisincluded running different imaging mission

plans against the targets. Imaging plansincluded (1) “Lawn Mower” patterns, (2)
“Star” patterns, and (3) “Spiral” patterns over both the RPSEA Test Targets and
the cross-current barge.
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8.4 Offshore Testing: Challenges and Implications

TestingChallenges and Implications

o Challenges:

o Implications:

* Environmental:
= Many Weather Daysandir Early Test Termnasons Due 1o Weather
= High currents on some testdays
» Dragged Anchors Through Test Area
* Equipment Problems:
= AUV hertal Navigaton System (INS) Perormance; 3 months 10 resole vendor issues
= Unable 1o Get Automated Calibration Algorihim o funciion leading 1o manual calitraton

» Weaher Daysand Equpment Problems =» Schedule Delays and Cost Impacss

* High Currenss <> Higher AUV speeds / aittudes than desired during Test Operations
* Dragged Anchors = Pipeliine Test Focure Lost

* NS Perormance - Limited 1o Single Pass 3D Pont Cloud Images (so fr)

* Manual Calibraton = Time-Consuming Data Analysis: Lower Accuracy Results

td
W~
>
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Figure 34 — Offshore Testing Challenges and Implications

Many challenges were encountered during Phase IV Prototype Offshore Testing. Key

challenges and their impacts on the overall test program included the following:

There were an unusually high number of weather days in 2014 that created
unanticipated schedule delays and impacted project costs.

On some test days, higher than normal currents were encountered, which
mandated higher AUV speeds to maintain station and higher altitudes for safety,
resulting in lower than planned point cloud density during imaging.

Dragged anchors in the test area occurred on at least two occasions; this
resulted in the loss of the PVC Pipeline Test Target before any imaging was done.
The AUV’s INS performance was found to be significantly out of spec. This issue
was ultimately resolved, but the 3 month delay adversely impacted work on the
Automated Laser Calibration Algorithm, and also limited post-test analysis to
“Single Pass” point cloud images.

Subsequent manual laser calibration was time-consuming and less accurate.
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9.0 POST-OFFSHORE TESTING DATA ANALYSIS

9.1 Overview of Post-Test Analysis

Post-mission data analysis was performed for all useable data sets collected.
Unfortunately, data sets that were collected before resolution of the INS performance
issue was resolved were not useable, so final data sets were limited to the following test
targets:

e The cross-current barge (also called the “Downed Barge”
e The PVC Verticality / Jumper Metrology test target

e The PRCI Metal Pipe Sample

e The PVC Mooring Chain test target

A critical issue was Laser Calibration. As noted above, the automated laser calibration
algorithm development was abandoned due to late resolution of INS issues. Manual
calibration was applied and achieved acceptable results, but the results were not as
accurate as anticipated using automated calibration. The improvements in point cloud
alignment achieved by manual calibration of the laser are illustrated in Figure 35 below.

Point Cloud Before Calibration Point Cloud After Calibration

Figure 35 —Point Cloud Alignment Before and After Laser Calibration
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9.2 Test Results: Cross-Current Barge

9.2.1 Single Pass Image of Cross-Current Barge

Figure 36 — Single Pass 3D Point Cloud of Downed Barge

A “single pass” point cloud image of the cross-current (downed) barge is shown in
Figure 36 above. This point cloud was imaged by the AUV while traveling at
approximately 1 knot, and at a 5.25 meter standoff range from the barge. The barge
structure is approximately 72 feet (~21.95 meters) in length, which means that the AUV
collected this data in about 45 seconds.

Features visible in this point cloud include topside railings, mooring line cleats, exposed
bulkhead stringers, and large rocks along the base of the barge that were spilled from its
cargo bay when it capsized. Additional features are visible when the point cloud is
magnified using a live point cloud viewer; refer to section 9.2.2 for an example.

It should be noted that “multiple pass” point clouds with much higher point densities
using “lawnmower” or other survey techniques, and will be easily achievable when the
automated laser calibration process is completed.
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9.2.2 Detailed Measurement of Features on Cross-Current Barge

Figure 37 — Detailed Measurement of Features

As shown in Figure 37 above, the single pass point cloud of the cross-current barge has
enough density to permit identification of additional features and to conduct analysis
and measurement. The magnified point cloud above image above shows a mooring line
cleat with rope hanging from side of the barge. The cleat is measured at 48.43”, while
the rope hanging over the side of the barge is 37.4” in length.

Once again, “multiple pass” point clouds with much higher point densities and

correspondingly higher feature resolution will be possible using “lawnmower” or other
survey techniques when the automated laser calibration process is completed.
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9.2.3 Cross-Current Barge: 3D Laser vs. 3D Sonar

Top-Down View of Downed Barge: 3D Laser (top) vs. 3D Sonar (bottom)

Tie Down Point

Feature.

Figure 38 — Comparison of Laser (top) vs. Sonar — Looking Down at Cross-Current Barge

Figures 38 and 39 provide comparisons of point clouds generated from a 3D laser and a
3D sonar. The sonar data has a higher point density and field of view, but a lower
angular and range resolution. This means that smaller features can be identified more
easily and accurately in the laser data. The laser data also has less of a problem with
multipath, and has no side lobe noise. The “tie down point” noted above is a good
example of a feature that is easily seen in the laser data which cannot be readily found
in the sonar data. This is mainly due to the large beam width of the SONAR, which
makes it difficult to resolve depressions and/or other negative features.

Side View of Downed Barge: 3D Laser (top) vs. 3D Sonar (bottom)

Figure 39 — Comparison of Sonar vs. LIDAR - Side View of Sunken Barge
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LIDAR Point Cloud

3D Sonar Images

Figure 40 — Comparison of Sonar vs. LIDAR — Macroscopic View

Figure 40 provides a macroscopic comparison of laser and sonar point clouds of the
cross-current barge. The laser image is relatively crisp and clean, while the sonar image
has softer edges and less resolution.

It should be noted that the sonar and the laser have different fields of view (FOVs), so at
the same standoff distance, and the same vehicle location, the center of the sonar FOV
is higher than the laser FOV, so the sonar is looking higher up the structure. This is the
reason that most of the side of the barge is not visible in the middle sonar image.
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9.3 Test Results: Verticality / Jumper Metrology Target

9.3.1 Single Pass Image of Verticality / Jumper Metrology Test Target

Verticality / Jumper
Metrology Test Target,
raw point cloud,
single pass of the AUV at
1 knot and 6.5 meter
standoff range

Figure 41 - Single Pass 3D Point Cloud of Verticality / Jumper Metrology Target

A “single pass” point cloud image of the PVC Verticality / Jumper Metrology test target
is shown in Figure 41 above. This point cloud was imaged by the AUV while traveling at
approximately 1 knot, and at a 6.5 meter standoff range from the barge. This test target
is approximately 270” (22.5 ft.) in length, which means that the AUV collected this data
in about 12 seconds.

All RPSEA test targets (excluding the cross-current barge) were deployed from a surface
vessel by divers in March, but not imaged until October. As can be seen in this point
cloud image, the PVC Verticality / Jumper Metrology test target became partially buried
on the sandy bottom, so some features are no longer visible. Close examination,
however, reveals that the key structural members and features of this test target are
still visible and intact. The point cloud images clearly show the PVC base frame as well
as the three segments of PVC pipe protruding vertically at various heights, offsets and
angles, making this target one of the most useful for evaluation of laser performance.
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Figure 42 — “Best Fit” Analysis of Verticality / Jumper Metrology 3D Point Cloud

Using Leica Cyclone, a commercially available 3D point cloud analysis tool, digital
cylinders were fit to the raw point cloud of the Verticality / Jumper Metrology test
target to establish a “best fit” representative of the PVC pipes which make up the test
target. This “best fit” analysis is depicted in Figure 42 above. These digital cylinders were
used in subsequent measurements for the pipe positions, angles, and diameters.
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9.3.3 Jumper Metrology Measurement Results

A 13.5 17.6 23.3%
B 48.5 52 6.7%
C 17.6 16 10%

D 269.9 274.75 1.77%

Figure 43 — Jumper Metrology Measurement Results

In order to evaluate the accuracy of the measured point cloud data against the “ground
truth” of the physical test target, four critical dimensions were measured using the Leica
Cyclone tool and compared against the physical measurements made on the test target.

As shown in Figure 43 above, the resulting error measurements range from 1.8% to
23.3% of the distances measured. With the exception of the results for Segment A,
these errors are reasonably consistent with the errors observed in various Simulation
Laboratory test cases performed during Phase Ill of this project, in which target length
measurement errors ranged from 0.5% to 10% of the distance measured. Key
differences between the Phase Il simulation results and the measured offshore test
results include:

1. Stand Off Distance (AUV to Target): 5.7 m (simulation) vs. 6.9 m (offshore test)
2. AUV Speed (point cloud density): 0.4 kt (simulation) vs. 1 kt (offshore test)

These differences mean that offshore test results are developed using a more sparse
point cloud that has been collected at longer ranges, thus resulting in larger errors.
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9.3.4 Pipe Diameter and Verticality Measurement Results

Dismoter = 0.8

Diameter = §.4°

Pipe Diameter Measurements

_Location | Measured | Actual | _Error |
A

8.8" 8.625" 2%

9.4" 8.625" 8.9%

Figure 44 — Pipe Diameter and Verticality Measurements

As shown in Figure 44 above, and using the Leica Cyclone tool, pipe diameter
measurements were made and compared against actual dimensions; results were
consistent with results achieved in simulation. In addition, the angle between the two

large pipes was measured to 3.823°. This angle will be verified upon recovery of the test
targets.
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9.4 Test Results: PRCI Pipe Sample

PRCI| Sample Pipe

o PRCI Sample Pipe Point
' Cloud with Best Fit
Cylinder,
single pass of the AUV
at 1 knot and 7.5 meter
standoff range

o PRCI Samgle Pipe:
* Oblaned on loan fom PRCI
* 6" 0Dpipe (6.625%)
*  Nominally 72" (~64%)Long
o Best Ft Measurement Resuits are Consistent with Simuiation Lab Results for a Single Pass
v Used Leica Cydions 1ol at 1 knotand at 3 7.5 m Standoff from the Target
* Bestit of cylinder 1o point cloud scan of PRCI
me \ 1 7V
*__Measured Diameter 7.3"
* Measured Length 81.5°

\Tak Tat S 2014 Lodiraad Marss Coporadon b |
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Figure 45 — PRCI Sample Pipe Measurements

As shown in Figure 45 above, the PRCI Sample Pipe was imaged during offshore testing.
Comparisons of measured results vs. ground truth are as follows:

Measured Actual (Ground Truth)
Diameter (|n ) Diameter (in.)

Pipe O.D. 6.625 10.2%

Pipe Length 81.5 72 13.1%

The ground truth measurements will be re-verified upon recovery of the test targets.
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Mooring Chain Test Target and point cloud imaged with
single pass of the AUV at 1 knot and 7.5 meter standoff range

Figure 46 — Mooring Chain Test Target Measurements

As shown in Figure 46 above, the Mooring Chain test target was imaged during offshore
testing. Comparison of measured results vs. ground truth will be completed upon
recovery of the test targets.

Measured Actual (Ground Truth)
Diameter (in.) Diameter (m

Chain Link Length 26.93

Chain Link Width 15.27 TBD TBD
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10.0 CONCLUSIONS

— Conclusions

o Primary Offshore Test Objectives Were Achieved
v" Imaged test targess using an 3D laser from a moving AUV
v" Cenerated high resolusion geo-registered point clouds
v" Evaluated 3D model resoluson and dimensional accuracy vs. simulason
v" Demonstrated viabilty of AUV-based 3D inspecion for use in deepwater felds

o Further Work is Required to Demonstrate the Full Potential of
AUV-Based 3D Laser Imaging:
» More Rigorous Tesing Is Required 10 Get Beter Ground Truth Measurements
« Addmonal Tesing at Closer Ranges, Slower Speeds, Difierent Geometries
 Development of Automated Calibrason Process To Support Muli-Pass Foint
Cloud Alignment
« More Rigorous INU Calibrason Procedures Must be Developed R\‘..‘,’-;EA

l
|

|

Figure 47 — Conclusions - AUV-Based Underwater 3D Laser Inspection

In conclusion, all Phase IV primary test objectives were achieved. Test targets were
imaged from a moving AUV, geo-registered high resolution point clouds of the targets
were generated, and point cloud models were evaluated for dimensional accuracy
against simulation results to understand if the technology can perform as expected.

It is Lockheed Martin’s conclusion that this project has fully demonstrated the
capability to generate geo-registered 3D point cloud models from a moving AUV, and
that AUV-based 3D laser inspection is a viable technology for use in deepwater fields.

Further work is required to develop the full potential of AUV-based 3D laser imaging.
More rigorous testing is required to get better ground truth measurements; testing at
closer ranges and slower speeds must be performed in order to support evaluation of
the potential and the limitations of this technology. Finally, more work remains to be
completed in the development of INS calibration procedures and automated laser
calibration process that will open the door to accurate, multiple pass point cloud
generation and enable full realization of the potential of AUV-based 3D laser imaging.
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11.0 VISION FOR THE FUTURE OF SUBSEA 3D LASER IMAGING

o AUV-Based 3D Laser Imaging Offers Powerful Capabilities for

Structural Integrity Management:
*  Imaging fom Moving AUV is faster and more eficient han oher means
*  Provides geo-regsiered 3D modes vith milimeser resohBion
*  Provides autonomous change dedection agang a baseine mode!
* Eliminates Human Fatgue and lnspecion Data Ovedoad
»  Leverages 37 Party Sotvare Tools rom Terrestial Suney ndusry
*  More Accurate, Eficent inspecions = Lover Overall Lie-of-Feld Costs

o Potential Applications Include:

* Pipeiine hspecson

* Subsea Faciity hspacion

* Riser/Mooring Line Inspecion

*  Jumper Merology / Welinead Verscaiity

-
-
~,

|

AUV-Based 3D Laser Imaging Holds the Potential to Become a

Powerful Tool for Structural Integrity Management

i}

AUV-based 3D laser imaging offers powerful capabilities for the structural integrity
management of subsea infrastructure. Because AUVs can move faster than ROVs and
are not encumbered by umbilical and tether management issues, imaging from a
moving AUV is much faster and more efficient. Laserimaging will provide geo-
registered 3D models with millimeter resolution, and the ability to employ software
tools from the terrestrial survey industry to compare a newly imaged digital model of a
structure to a baseline model will enable rapid, efficient detection of changes which is
not encumbered by operator fatigue or data overload. The result will be more accurate,
efficient inspections of subsea infrastructure, and lower overall operations and
maintenance costs for “life of field” structural integrity management.

Potential applications include pipeline inspections, subsea facility inspections, riser /
mooring line inspections, and subsea metrology. Itis clear that AUV-based 3D laser
imaging holds the potential to become a powerful tool for Structural Integrity
Management.
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13.0 ACRONYMS

Acronym Definition
3D Three-Dimension or Three-Dimensional
AComms Acoustic Communications
API American Petroleum Institute
AUV Autonomous Underwater Vehicle
COTS Commercial Off-The-Shelf
DEP Department of Environmental Protection
DP2 Depth Perception 2
FOV Field of View
GoM Gulf of Mexico
HD High Definition
HDS High Definition Scan
HW Hardware
ICD Interface Control Document
IP Internet Protocol
INS Inertial Navigation System
IRM Inspection, Repair, and Maintenance
LADAR Light Detection And Ranging
LLC Limited Liability Corporation
LM Lockheed Martin
LMPB Lockheed Martin —Palm Beach
LOS Line of Sight
LSO Laser Safety Officer
MST Mission Systems and Training
NHZ No Hazard Zone
NOHD Nominal Ocular Hazard Distance
OSHA Occupational Safety & Health Administration
0SS Offshore Systems and Sensors
PPE Personal Protective Equipment
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Pipeline Research Council International

PRCI
PVC Polyvinyl Chloride
RF Radio Frequency
ROV Remote Operated Vehicle
RPSEA Research Partnership to Secure Energy for America
SONAR Sound Navigation And Ranging
sw Software
TBD To Be Determined
TRL Test Readiness Level
TRR Test Readiness Review
U/l User Interface
vC Vehicle Control
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