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1 INTRODUCTION AND OVERVIEW

1.1 INTRODUCTION

This report is intended to document the activities and accomplishments of the INSPECT program. The
INSPECT program is a Small Business Innovative Research (SBIR) cooperative effort undertaken by SVS
R&D Systems and jointly funded by the Philips Laboratory, USAF and the Tennessee Valley Authority.

1.2 PROGRAM OBJECTIVES

The INSPECT program objectives are summarized to apply advanced image stabilization and pattern rec-
ognition technologies to the routine maintenance inspection tasks of commercial power transmission lines
and components to:

1. Perform the inspection tasks with greater speed and precision in a cost effective manner.
2. Operate in an airborne, helicopter mounted environment.

3. Provide inspection equipment that is easily operable by commercial power company technician per-
sonnel.

4. Support recognition of a diverse set of transmission line configurations and operate with a range of
background scenes and lighting conditions.

1.3 EXECUTIVE OVERVIEW

The INSPECT program began in September, 1994 and was successfully completed in December, 1995.
The program used a combination of wide and narrow field visible waveband cameras to obtain images of
power line components. The cameras were mounted in a four axis mechanical gimbal system which was
attached to the forward bottom fuselage of a TVA supplied, Jet Ranger II helicopter. Electronics associated
with the cameras and gimbals, video recorders for collecting the inspection images, computer processing
and operator controls were mounted in an electronic rack located in the rear passenger section of the heli-
copter.

The outer two axes of the gimbal are used to provide wide field of regard coverage (+ 120 ° in pan and +15,
-60 ° in pitch) for the inspection cameras while the inner two axes provide a limited (+1° pan and pitch) but
highly stabilized field of regard in order to isolate the cameras from helicopter and aerodynamically
induced vibrations.

The wide field (16x16 degrees) camera is used view the transmission towers, lines and components allow-
ing the operator to observe and select objects of interest as the helicopter flies along side the transmission
right of way. The narrow field (variable from 10x10 to 1x1 degrees) camera is used for the high resolution,
magnified imaging inspection of the selected object. The operator views the camera video on a computer
controlled monitor screen that is part of the electronics console. The monitor also displays operational
information and various gate structures used in the acquisition and tracking process. Line-of-sight pointing
of the gimbal and cameras is accomplished by the operator with a two axis manual joy stick. Once an
inspection component has been selected and centered in the acquisition reference gate, the operator com-
mands a transition to track mode, and the line of sight to the selected component is automatically main-
tained by an edge-correlation tracking processor in the computer. When stable edge tracking has been
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established, the narrow field camera is used to zoom in and capture high resolution images of the compo-
nent that can be evaluated by fault detection image processing algorithms,

Faults such as broken insulator bells and frayed wires are detected off line in a two pass process that uses
as input the recorded video tape data base generated during the helicopter inspection flights. The collected
high resolution inspection video is digitized with signal processing and data storage computer equipment.
Then, custom component filter and pattern recognition algorithms are applied to the digitized video data
base to locate specific components within the frame sequences and determine if fault characteristics are
present. Once fault detection occurs, the frame ID, fault location and fault type are supplied to the inspec-
tion evaluation operator.

1.4  SIGNIFICANT MILESTONES

Significant INSPECT program milestones are summarized in the following list:

1. Initiate Design Activity September 1994
2. Critical Design Review December 1994
3. Purchasing and Fabrication January 1995

4. Component Testing in Lab February 1995
5. Vibration Flight Tests at Muscle Shoals April 1995

6. Gimbal Assembly Testing in Lab July 1995

7. First Stage Integrated Lab Tests & Demo August 1995

8. Full System Integration and Lab Tests October 1995

9. System Flight Test/Data Collect at Muscle Shoals November 1995
10. Test Results Presentation and Report December 1995

INSPECTFIN 2
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1.5 FUNCTIONAL DESCRIPTION

The INSPECT equipment can be described by organizing its many components into three major
subsystems working in time phased, integrated concert to provide for the collection of high reso-
lution images of power line components from an airborne sensor suite and for the evaluation of
these images to isolate and detect component failures.

Two subsystems are installed in and operate as part of the helicopter mounted, airborne sensor
platform. These two helicopter mounted components are described in the paragraphs below. A
block diagram of the INSPECT configuration of these subsystems is shown in Figure 2-1. The
third subsystem comprises non-flight, off-line computer hardware and software that evaluates col-
lected inspection data needing access only to tape recorded wide and narrow field camera video of
the power line inspection scenes.. The off-line processing construct is described in Section 4.
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2 FUNCTIONAL DESCRIPTION

The INPSECT equipment can be described by organizing its many components into three major
subsystems working in time-phased, integrated concert to provide for the collection of high-reso-

lution images of power-line components from an airborne sensor suite and for the evaluation of
these images to isolate and detect component failures.

Two subsystems are installed in and operate as part of the helicopter mounted, airborne sensor
platform. These two helicopter mounted components are described in the paragraphs below. A
block diagram of the INSPECT configuration of these subsystems is shown in Figure 2-1.

The third subsystem comprises non-flight, off-line computer hardware and software that evaluates
collected inspection data needing access only to tape recorded wide and narrow field camera
video of the power-line inspection scenes. The off-line processing construct is described in Sec-
tion 4.

2.1 GIMBAL/PLATFORM SUBSYSTEM

The gimbal/platform subsystem functions as the sensing payload portion of the INSPECT system
and includes all the equipment mounted outside the helicopter. The subsystem components are
contained in a two axis gimbal/turret package and protected from the external environment by a
graphite-epoxy, spherical aero-shroud. There is a lexan slot window in the turret that provides an
elevation (pitch) viewing aperture of +15 to -60 degrees for the sensor package mounted on the
turret inner gimbal. the aero-shroud rotates with the azimuth (pan) gimbal axis to provide the
+120 degrees of side-to-side field of regard. The turret package is mounted to an interface attach-
ment plate on the forward bottom centerline of the helicopter.

The inspection camera payload is mounted on an inner set of limited angle fine gimbals which are
in turn mounted to and carried by an outer set of wide angle coarse gimbals. The inner gimbal
uses voice coil actuators to generate the required angular motions over a *1° range. The outer
gimbal uses DC torque motor actuators to generate the +120° azimuth axis motion range and the
+15 to -60° elevation axis motion range. The inner and outer gimbals are operated in two basic
modes. These modes are Position and Rate. In the Position mode, the servo loops are closed
around position sensors mounted at the respective gimbal rotation points. Linear Voltage Differ-
ential Transformer (LVDT) position sensors are used for the inner gimbal and precision potenti-
ometers are used for the outer gimbal. In the Rate mode, the servo loops are closed around
inertial rate sensors mounted on the respective gimbals. The Position mode is used to command
the gimbal to a specific angle. The gimbal will remain at this angle until the command is changed.

The Rate mode is used to command the gimbal to a specific rate. The gimbal will continue to slew
at this rate until the command is changed or the angle limit stops are engaged. The Rate mode is
the prime operational mode and provides for line-of-sight stabilization and track loop closure.

The sensor payload consists of two visible waveband cameras. One camera is a wide field
(16x16°), black and white CCD and provides the acquisition and tracking video to the operator
and controller processor. The other camera is a narrow field (10 to 1° square), zoom lens, color
CCD and provides the inspection video instrumentation. The narrow field camera is equipped
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Electronic Equipment Rack

Operator Control Panel

Figure 2-2. INSPECT Component Details
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with both zoom and focus control. The cameras are mounted on the payload plate which forms the
inner most portion of the nested gimbal sets. The outer gimbals provide full field of regard cover-
age for the cameras while the inner gimbals provide the limited range motion necessary to cancel
vibration disturbances and keep the respective lines-of-sight highly stable in order to produce blur
free images.

Several of the gimbal/platform subsystem components are shown in Figure 2-2.

2.2 COMPUTER/ELECTRONICS SUBSYSTEM

The computer/electronics subsystem functions as the controlling operations center of the
INSPECT system and includes all the equipment mounted inside the helicopter. The subsystem
components are housed in an electronics rack mounted in the right two thirds of the rear passenger
compartment. The remaining one third of the compartment is used for the inspection system oper-
ator position. A color computer monitor, gimbal controller joy stick and system control panel pro-
vide the interface between the gimbal, computer, cameras and operations sequences of the
INSPECT system and the inspection operator.

The controller processor computer is key to the operation of the computer/electronics subsystem.
The computer hardware and software package provides the image processing, tracker functions,
gimbal servo controller functions, interface operations and mode sequence control that are neces-
sary for the inspection mission. There are two processors internal to the computer. One is used
entirely for the image and track processing functions while the other provides the servo controller
and mode control functions. There are 16 analog input and 8 analog output channels that are used
to interface with the gimbal, operator and other subsystems.

The gimbal torque motors and voice coil actuators are powered by linear amplifiers that are
located in the electronics rack. These power amplifiers receive input voltage commands from the
computer servo controller and respond by generating current drive commands to the gimbal actu-
ators which in turn create fine and coarse gimbal motion. Power for the linear amplifiers is
obtained from DC voltage supplies that operate from 115 VAC, 60 Hz. The AC power is generated
from the helicopter +28 VDC prime power by a pair of inverter supplies.

A GPS receiver unit is provided to precisely measure the location of the helicopter during the
inspection data collection operations. The GPS position and time are displayed on the operator's
monitor and eventually will be recorded on the instrumentation video frames.

There are two video recorders in the electronic rack which are used to record the narrow and wide
field camera video during the inspection operations. Both are 8 mm, S-video format to provide
maximum resolution and clarity. Some of the individual computer/electronics subsystem compo-
nents are shown in Figure 2-2.
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3 TEST RESULTS

There were three major testing activities planned and accomplished during the Inspection pro-
gram. The first testing activity involved installation of the gimbal mechanical system components
and a simulated camera payload on a Jet Ranger helicopter. The gimbal and helicopter were
instrumented to determine the vibration environment at the base of the gimbal mounting and at
the simulated camera payload plate. The vibration characterization flight tests were conducted at
the TVA helicopter flight facilities in Muscle Shoals, Alabama. The second test activity was per-
formed in the Inspect integration and test laboratory at Kirtland AFB, Albuquerque, NM and
involved integrated testing of all Inspect components and subsystems to characterize system per-
formance and operation prior to full up flight testing on the helicopter platform. The third testing
activity was performed again at the TVA facility in Muscle Shoals, Alabama and involved utiliz-
ing the installed INSPECT system and the Jet Ranger helicopter to acquire, track and collect high
resolution images of power lines and components

3.1  VIBRATION TEST RESULTS

Vibration characterization testing was performed in late April, 1995 at the TVA helicopter support
facility in Muscle Shoals, Alabama. The objectives of the helicopter vibration testing is summa-
rized in the following descriptions.

1. Collect angular position data from highly sensitive angular displacement sensors (ADS)
attached to the helicopter body.

2. Collect angular position data from an ADS mounted on the INSPECT gimbal camera platform
structure.

3. Collect linear accelerometer, rate and position data from accelerometer cubes co-located with
the ADS instruments.

4. Collect video data from a camera mounted on the gimbal sensor platform adjacent to the gim-
bal ADS instrument.

The vibration envelope was characterized over several test flights for solid mount gimbal, soft
mount gimbal and wedge mount gimbal configurations. Helicopter speeds and transmission line
survey techniques were varied to insure a full regimen of operational conditions was covered.
Good video, ADS and accelerometer data were collected; however, with the exception of quick
look reductions and the video recordings, much of the data reduction had to be performed after the
flight tests had been completed due to a malfunctioning data reduction computer interface card.

The significant results of the vibration testing and data analysis are described by the following:
1. The helicopter vibration environment did not exceed expected levels.

2. There was benefit in using Barry Isolator type mounts (soft mounts) to help reduce transmitted
vibrations in the roll and pitch axes.

INSPECTFIN 8
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3. There was significant residual vibration at the sensor/payload plate to warrant inclusion of the
inertially stabilized, inner gimbal axes.

4. Aerodynamic loading and induced vibrations from a spherical, protective shroud were manage-
able with the current design control system bandwidths.

Figure 3-1 is a Power Spectral Density (PSD) plot showing a typical comparison of measured
sensor platform jitter for hard and soft (Barry) gimbal configurations.

3.2 LABORATORY SYSTEM INTEGRATION AND TEST RESULTS

Laboratory system integration and test was begun in September, 1995 and completed at the end of
October, 1995. The purpose of the integration and test activity was to bring all the INSPECT com-
ponents together in a system configuration and establish operational and performance readiness
prior to moving the equipment to Muscle Shoals, Alabama for installation on the helicopter, flight
testing and data collection.

Significant results of the laboratory system integration and testing are described by the following:

1. Gimbal position and rate loops were compensated, characterized and adjusted to meet require-
ments for the outer and inner axes. Rate and position sensors were aligned and scale factors cali-
brated and recorded.

2. Gimbal limit switches, caging mechanisms and hard stop locations were tested, checked and
final adjustments made.

3. Operator console, video monitor, display symbology and gimbal joy stick controller functions
were refined, calibrated and tested. 4. Computer interfaces with the servo drive amplifiers and
gimbal sensors were tested, calibrated and refined to meet system control requirements.

5. Mode control and executive operating software was tested, adjusted and modifications incorpo-
rated. The bus communication link with the tracking processor was established, tested and
adjusted. The flight processor self boot hardware and software was installed, tested, modified and
calibrated.

6. Payload camera video operation and distribution was established, tested and adjusted to meet
system requirements. Video instrumentation recorders were installed, patched and tested.

7. The centroid and edge tracking algorithms and track loops were installed, tested and modified
using a simulated target and scene generator.

8. The GPS receiver/computer package was integrated with the control/executive computer. Dis-
play symbology and data paths were checked, adjusted and optimized. The GPS functions were
checked by installing an outside receiving antenna adjacent to the laboratory.
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3.3 HELICOPTER SYSTEM INTEGRATION AND FLIGHT TEST RESULTS

Field integration and flight testing of the INSPECT equipment was begun on 1 November, 1995
and completed eight days later on 9 November. The integration and flight testing was performed
at the TVA helicopter support facility in Muscle Shoals, Alabama. The INSPECT system compo-
nents and installation are shown in Figure 3-2.

Significant results of the system integration and flight testing are described by the following and
also shown in two test results videos already provided to the TVA, one quick look data video
delivered shortly after the completion of flight testing in November and the other delivered as part
of a formal management briefing in December, 1995.

1. Gimbal stabilization performance was successful in eliminating helicopter and aerodynami-
cally induced vibration disturbances on the sensor line-of-sight. Gimbal slew rates and accelera-
tion performance was adequate.

2. Operator interfaces proved satisfactory for monitoring and controlling the Inspection processes
although space, lighting conditions and additional displays would enhance efficiency in a full up
operational environment. ‘

3. Gimbal and electronic rack weight far exceeded what a nominal operational system design
would be expected to meet. The interface structure and gimbal attachment were considered sound
enough for early, low-Q flight testing. After gaining experience with the handling and integrity of
the INSPECT equipment, the envelope was opened and no adverse effects noted during normal
line survey and ferry operations.

4. The graphite epoxy aero-shroud and sensor window performed admirably in keeping the aero-
dynamic loading of the gimbal to a minimum and in protecting the components from the environ-
ment even during a brief squall shower although not designed with hermetic seals.

5. GPS operation and monitor display functions performed as expected. The location of the GPS
antenna and the resultant shielding of sections of the sky view did not significantly hamper the
generation of reasonable position and time data.

6. The Pulnix NFOV camera failed after only a few days into the flight tests. Although the manu-
facturer was able to repair and return the camera before the end of flight testing, significant
inspection video data collection opportunity was lost. The repaired camera video appeared mar-
ginal and most likely, further repair actions are warranted.

7. The NFOV zoom and focus manual controller is not fast enough against even a slow survey of
power lines. There should be an auto focus loop incorporated in the NFOV camera. The operator
work load is very high and the time to react to focus needs between poles is very short.
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Helicopter and Inspection Equipment

Gimbal, Aero-Shroud Electronics Rack

Camera Payload Operator Console

Figure 3-2. Inspection System Components and Installation on Helicopter
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8. The gimbal drive power amplifiers performed suitably but were prone to failure. This did not
adversely effect flight testing since there were adequate spare amplifiers and components for

repair and replacement.

9. The edge-correlation tracking algorithm exhibited marginal performance mainly due to difficult
and confusing edge maps and clutter. The map and threshold robustness to typical power line
scenes needs to be improved. Attempts at using centroid tracking as a backup to the edge algo-
rithm showed that despite some capable tracking performance demonstrated, the edge tracker can

be a preferred solution the power component tracking task.

10. The track processor will need more computing power in next generation hardware implemen-
tations since several video and control operator features had to be sacrificed to make room for the

tracking loads.

The following Figures, 3-3 through 3-6, are typical servo control plots taken during flight testing
to characterize the "as operated” gimbal loops.
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Figure 3-3. Open-Loop Gain and Phasc vs. Frequency of Outer Azimuth Rate
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4 ALGORITHM DEVELOPMENT RESULTS

There are two major processes and their associated computer implemented algorithms that were
developed and refined for use with the INSPECT program. One involved development of a unique
edge-correlation tracking algorithm especially suited to the component construct of commercial
power transmission lines. The other involved development of component filter and pattern recog-
nition algorithms that could be applied to isolate and detect faulty power line components in
scenes digitized from high resolution images recorded by helicopter mounted video cameras.

The algorithms were developed using a scripting matrix manipulation language called MatLab.
Matlab is known as a pseudo-high level language that creates scripts that are interpreted one line
at a time during execution. Once the algorithms have been developed and are properly debugged,
they can be translated to whatever language is necessary to match hardware platforms and meet
performance requirements. The hardware developmental platforms used during the INSPECT
activity consists of several 486-DX?2 desktop PCs and two Sun SPARC 20 workstations.

Summary descriptions of the development activity and results are provided in the following para-
graphs.

-

4.1  TRACKING ALGORITHM

In the course of designing a tracker for the INSPECT program, several specialized solutions were
considered. The tracking solutions that were explored can be grouped under the following four
categories:

1. The Morphological Tracker

2. The Deformable Template Tracker
3. The Adaptive Edge Tracker

4. The Edge Energy Tracker

Of the solutions investigated, the adaptive edge tracker was selected as the final and most appro-
priate tracker for INSPECT. This tracker provides a robust, versatile solution by using the deform-
able template tracking methodology but with generation of its own templates on the fly.
Laplacian-of-Gaussian edge detection and vector correlation are used to match a template to the
image subsection inside the track gate when the operator clicks on the desired target. The template
is used until correlation with the image falls below a selected threshold. At this point, a new tem-
plate from the scene within the gate is generated automatically. This approach was especially
suited to the vertical, horizontal and angular intersections so naturally prevalent in images of
power line components and structures. Template matching with automatic refresh as a function of
threshold overcame the problems encountered with other methods when working against such dif-
ferentiated target structure and especially with the wide variation in backgrounds seen along the

course of a typical inspection flight.
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4.2 INSPECTION ALGORITHM

Three areas of component inspection were addressed during the INSPECT program effort. These
are insulators, transmission wires and line spacers. Although the tracking algorithm developmen-
tal effort dealt extensively with transmission structures and distribution poles, the inspection and
detection algorithm effort did not investigate these components.

The goal of insulator inspection is to identify the defects of an insulator. Once each insulator is
extracted from other structure and background associated with the composite image, any defects
such as a missing or broken bell (disk on the insulator) can be detected by counting the number of
bells and measuring the size of bells and comparing each to the average of all bells in the frame. A
two step process was used for the automated inspection and detection of insulator faults. First, the
insulator is located within the 640X480 digitized image made from the flight video data tape.
Location is extracted by using a template matching process applied to the image field. After the
insulator is located, a binary sub-image with noise filtering is created. The binary image is suited
to object counting and sizing pattern processors; and thus, provides the basis to fault detection and
location.

A similar problem exists for detection of power lines themselves within the recorded images.
Once the exact coordinates of the power lines are found, tasks such as fray detection and analysis
can be pursued. The wire extraction and location algorithm is basically a gradient routine using a
Sobel operator to perform an edge map search of the left side of the morphed, digitized image for
a short horizontal run of pixels. It then follows the same process to define the location of the other
edge. The result is definition of the exact location and a position map of the wire within the image
frame.

Since the wire finding routine gives the exact locations of each wire, a program can be created to
follow along the wires and search for features that are of interest, such as frays and spacers. The
frays and spacers are seen as "perpendicular” anomalies to the normally well behaved roughly
horizontal wires. The fray detection routine is key to both the fray and spacer fault process in that
a spacer can be located as multiple fray detection that are well behaved with respect to template
locations.

The final versions of the insulator, fray and spacer fault detection algorithms were tested on 35
mm Haverfield digitized photographs of frays and spacers, video frames from wide field flight test
images of insulators and spacers, and narrow field video frames of flight test wire, spacer and
insulator images. The algorithms successfully detected multiple frays, spacers and broken insula-
tor bells. Illustrations of the fray detection process are shown in Figure 4-1 below.
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Figure 4-1. Fray Detection Algorithm Process Sequence
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5 CONCLUSIONS

The INSPECT SBIR program has successfully demonstrated the feasibility and benefit of trans-
ferring and applying high-tech solutions developed to solve problems on government and defense
department programs toward the solution of commercial market problems. The INSPECT pro-
gram applied advanced technologies in the inertial stabilization, edge-correlation tracking and
pattern recognition fields to the commercial power line inspection and data base collection pro-
cesses that are currently performed manually with human observers. Proof of principle hardware
and software was designed, built, tested and demonstrated in flight tests over the relatively short
15 month duration of the program. The equipment demonstrated the feasibility of the design to
acquire, track, provide images, and determine the location of several typical power line compo-
nents including the detection of broken insulator bells.

The INSPECT program demonstrates that the potential benefit in applying these technologies for
speeding up the inspection process is great and significant cost reductions can therefore be real-
ized. It is also recognized that in the case of many technology transfers, the extent of the opera-
tional difficulties and the scope of the commercial requirements is not fully realized wuntil
equipment is tested in the field. This is a typically normal process for most demonstration pro-
grams. The next step for the INSPECT program will be to refine the proof of principle design
according to the results of the field testing and to further participate with potential customers in
the definition of operational and support requirements that can be incorporated in a pre-produc-
tion unit.
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