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Abstract

Optical inspections and measurements are made on the inner
surfaces of cavities using a unique panoramic annular lens
(PAL) and a technique called radial metrology. The lens is
described in detail, and examples of inspections and
measurements made through PAL systems using laser scanning
techniques, speckle photography, and holographic
interferometry are included. Computer algorithms for detecting
anomalies, digitally correlating images, and linearizing the
annular images obtained from the PAL are also described.

Introduction

Optical methods have been used for decades to inspect and to
make stress analysis measurements but most techniques have
been applied on the outer surfaces of structural components.
More recently, primarily due to the introduction of new tools
such as fiber optics and microelectronic devices, it has become
feasible to make measurements on interior and remote surfaces.
However, fiber-based systems, as well as the more conventional
non-fiber-based systems, sutfer from a limited field of view.
Ideally, an optical device for making measurements on the
inner surface of a cavity should provide a panoramic view of
the entire cavity.

The first attempt to design a system for panoramic imaging was
made by Mangin in 1878." Since that time, numerous devices
have been patented.” These endeavors can be divided into two
main groups: those in which the imaging device or a part of it
is rotated around its axis to scan the area of interest, and those
which utilize combinations of optical elements to obtain a
single panoramic view. These optical eiements may have
several refracting/reflecting parts with collinear optical axes or
may consist of a single block having several refracting and
reflecting surfaces. Unfortunately, these compound systems are
often difficult to manufacture and miniaturize if high quality
panoramic images are needed. Scanning techniques® also have
disadvantages; beside the need for a rotating mechanism, no

simultaneous viewing of the entire space is possible. These
constraints severely limit functional and real-time capabilities.
Fortunately, many of the drawbacks of both compound and
scanning systems were eliminated in the development of the
panoramic annular lens.’

The Panoramic Annular Lens

The panoramic annular lens (PAL) consists of a single piece of
glass with spherical surfaces that produces a flat annular image
of the entire 360 degree surround of the optical axis of the lens.
Figure 1, for example, is a photograph taken of Rockefeller
Center with the PAL pointed toward the sky and shows the

Figure 1.

A photograph of Rockefeller Center taken by
pointing a PAL camera toward the sky.
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type of imaging that occurs. The mapping performed by the
PAL to produce the annular image is called flat cylindrical
perspective (FCP).* Figure 2 shows a diagram representing flat
cylindrical perspective and shows the limiting angles involved
in determining the field of view. Obviously, it would be
desirable to make a large and B small, so as to maximize the
viewed surface, but restrictions are imposed on the values of
these parameters by the limited range of values of the index of
refraction that can be obtained in commercially available
glasses. The width of the annular FCP image corresponds to
the size of the acceptance angle o, and each concentric ring in
the image plane is the locus of points recorded at a fixed angle
to the optical axis. Note that since the central portion of the
lens is not used to form the image, this region of the lens could
be completely removed or used for special purposes.

The PAL lens forms an image using flat
cylindrical perspective.

Figure 2.

Figure 3 shows some rays traced through the PAL and the
location of the virtual image formed by the lens. Since the
annular image is formed within the PAL itself, it must be
transferred to an image capturing device using a collector lens.
The most outstanding attributes of the overall system are that
there are no moving parts and that the depth of field extends
from the surface of the PAL to infinity. A typical PAL has a
field of view which extends from about -20 degrees off-axis to
about 25 degrees off-axis. As a consequence of the large
viewing angle, however, more light is required to capture an
image. This is illustrated in Figure 4 which shows that there
is a one stop decrease in f-stop when the average intensity
recorded from an illuminated screen using a digitizing camera
equipped with a 55 mm micro Nikon collector lens is compared
with the intensity recorded for the same collector lens used in
combination with a PAL. In both cases, the screen was
positioned at equal distances from the lens systems.

[n various tests and experiments performed so far, the PAL has
been used for panoramic imaging and visual inspection,” as a
profilometer,* and in conjunction with speckle'® and
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Figure 3.

INTENSITY VALUE

holographic'*" measurement techniques. The following

sections provide examples and additional details of inspections
and measurements made through PAL systems using laser
scanning techniques, speckle photography, and holographic
interferometry. Computer algorithms for detecting anomalies,
digitally correlating images, and linearizing the annular images
obtained from the PAL are also discussed.
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Figure 4. Average intensity values recorded from an

illuminated screen with a collector lens alone,
and the same collector lens used in combination

with a PAL.

Visual Inspection

Figure 5 shows the image obtained when a PAL is positioned
along the axis of a cylindrical pipe, the interior surface of
which is covered with a test pattern. Even though details are
recognizable, direct visual interpretation of the PAL image is



Figure 5. The image obtained when a PAL is positioned
along the axis of a cylindrical pipe, the interior
surface of which is covered with a test pattern.

often difficult for the unskilled observer. With this in mind, an
algorithm was developed to allow the annular ignages to be
linearized for viewing and measuring purposes. This was
accomplished by 'rolling’ the annular image along its outer
circumference and moving all the pixels between the contact
point and the center of the image to a vertical line in 1h‘c final
rectangular image. Figure 6 shows the result of a_pplylmg the
algorithm to the first quadrant of the image shown in Figure 5.
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Figure 6. Linearized version of the first quadrant of the
image shown in Figure 5.

Such visual inspections are important in many stress analysis
applications, especially in cases where chemical deposits cause
corrosion, or where combinations of thermal and mechanical
stresses cause wear or produce cracks. These conditions are
typically encountered in nuclear power plants and in rocket
engines where many components, designed to function at high
temperatures and pressures, must be periodically inspected to
avoid catastrophic failures. Figure 7, for example, is a
photograph of an RL10 engine. This engine will be used to

Figure 7. Photograph of an RL10 rocket engine.

launch a number of heavy payloads during the 1990s. Figure
8 shows the panoramic image taken through a PAL system for
visual inspection inside the nozzle throat of the engine using a
46 mm diameter PAL.

Figure 8. A PAL photograph taken inside the nozzle of an
RL10. Photograph provided courtesy of
Optechnology, Inc., Huntsville, Alabama.



Probes which incorporate relatively small diameter PALs are
currently under development. As shown in Figure 9, 2 6.3 mm
diameter PAL can be attached to the distal end of a cystoscope.
This approach is being developed for use in medical

applications to visually inspect human organs.

Figure 9. A 6.3 mm diameter PAL probe.

In addition to cavity inspection, PAL systems are being targeted
for use in other interesting engineering applications. Figure 10,
for example, illustrates the design for a panoramic imaging
system called SEASIS. The imaging system will be contained
in an endmass to be deploved from the second stage of a Delta
IT launch vehicle via a 40 km-long tether.” The panoramic
images recorded during the mission will be incorporated with
data gathered from a three-axis accelerometer to study tether
dynamics. This information will be valuable, since tethered
systems will be used in many space-based applications
including the construction and use of relatively large tethered
platforms. Figure 11, for example, shows a configuration
which utilizes space shuttle external tanks in a raft format to
form a structure in space. In this example, tethers are used as
structural elements in an evolving space station and for links
(power, data transfer, etc.) between different platforms designed
for various science and applications purposes. Some of the
platforms would take advantage of the facilities of the station
for maintenance and repair while being isolated from
contamination and mechanical disturbances. Others could be
used to facilitate storage of liquid propellants and dangerous
fluids, or to provide a variable/controlled gravity environment
for materials processing or to study long-term effects on
humans. In the future, PAL systems may be used to establish
accurate frames of reference for such space based construction
and could be incorporated into robotic probes to make routine
inspections and diagnostic stress analysis measurements.
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Figure 11.

Profiling

Radial metrology combines an optical measurement technique
with the PAL to study the inner surfaces of the cavities found,
for example, inside pipes, tubes, and boreholes. The approach
can be used for profiling measurements which are important in

many practical applications. For example, the infiltration and
inflow of ground water into sewer lines and maintenance of

collection systems present major problems to a civil engineer.
These problems have led to the development of pipeline
television systems which are used to inspect sewer lines, as part
of new construction acceptance programs, or to troubleshoot a
collection system for leaking joints, root intrusion, and
protruding taps. Radial metrology enhances visual inspection
and will allow a variety of measurements to be performed
including the location and size of hairline cracks, the position
of offset joints, and the detection of lost aggregate in concrete
pipe. The approach may also be important in industrial
manufacturing to identify parts outside of set tolerances, and to
pinpoint defective or missing components.

Figure 12 illustrates one of the optical configurations evaluated
for radial metrology.*® In this example, a device called a radial
profilometer is shown inserted into a cylindrical cavity. A
diverging laser beam (shown launched from a fiber optic
labeled {1}) is directed through a projection lens {2}.  The
beam passes through a panoramic annular lens {3} and is
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Figure 12. One possible

profilometer.

configuration for a radial

collimated and shaped by an appropriately masked collimating
lens {4} to produce a thin ring. The ring reflects off a conical
mirror {5} and passes through a transparent window {6} onto
the test surface {7}. The image of the illuminated surface is
captured through the transparent window {6} by the panoramic
annular lens {3} and is imaged by the projection lens {2} onto
a coherent optical fiber bundle {8}. The bundle transmits the
image from the device to a computer system where changes in
the image can be recorded and analyzed using digital
acquisition and processing techniques.

Figure 13 illustrates how a profilometer can be used to visually
detect inclusions located on the inner wall of a pipe. In this
case, the laser scan which was originally circular traces out
shapes in the image plane which are "similar" to those of the
inclusions. As demonstrated by Figure 14, computer algorithms
can be applied so that quadrants of the image may be linearized

Figure 13.

Laser scan over inclusions located on the walls
of a cylindrical pipe.
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for viewing and measurement purposes. The lower portion of
each trace represents a constant radial distance from the optical
axis of the profilometer to the wall of the pipe. The shape and
dimensions of the inclusions can be easily observed and
measured with respect to this baseline. An entire cavity can be
profiled simply by moving the profilometer through the cavity;
moreover, the measurement system can be designed so that
information is extracted based on a linear calibration curve.®’

Figure 14.

Linearized images for each quadrant of the
image contained in Figure 13.

Speckle Metrology

Since the profilometer uses a line scan for profiling, it is
necessary to move it through the cavity to obtain measurements
over the original field of view. Unfortunately, such a
procedure limits functional and real-time capabilities. An
alternative method for profiling is to digitally record and
numerically correlate artificial speckle patterns projected onto
the walls of the cavity. In this case, the profilometer remains
stationary during the measurement and data is taken over the
full-field.

Digital correlation is a method of pattern recognition in which
a small subset of an initial image is located in a second
(deformed or displaced) image. A standard equation used to
determine the correlation coefficient, p, for a window centered
over location (m,n) in the displaced image is

E:E,If(xd)“‘b]{W(K-m')’-ﬂ)*“ﬂ*] (1)
{EIEy[f(x?Y)'<f> ]1 zxzy[w(x'm’Y'n)'<w>]2} [

p (m,n) =

where f(x,y) are the intensity values of the second image for
those locations under the window values w(x,y) as the window
is moved over a suitably chosen search range (x,y); <f> is the



average intensity value of the region located under the window
and <w> is the average intensity value of the window. The
maximum correlation value indicates the best match of the
chosen subset from the initial image as located in the second
image.

Since the speckle pattern moves as the shape of the cavity
changes, the variation in cavity shape can be measured by
applying correlation techniques to the speckle patterns obtained
before and after the cavity shape is modified. The apparent
speckle movement can be computed by numerically correlating
small subsets (windows) extracted from each pattern. These
shifts can be used to measure surface deflections or to contour
the cavity with respect to a reference shape.

Figure 15 is a schematic of an optical configuration using two
opposing collinear PALs which has been evaluated for
profiling. A collimated beam of structured light representing
a random speckle pattern is introduced into the system at the
left and the first PAL projects the speckle pattern onto the
walls of the pipe. The second PAL picks up the scattered light
and transmits it through a transfer lens to a digitizing camera.
The digitizing camera transmits an image similar to the one
shown in Figure 16 to a computer where changes in the image
can be recorded and analyzed using digital acquisition and
processing techniques. Even though sensitivity varies radially
with distance from the center of the lens, calibration procedures
for speckle projection have established that families of
calibration curves can be expressed in closed form."
Feasibility tests have been conducted using this technique to
measure deformations inside a cylindrical pipe of constant cross
section. In this case, deformation was uniform along the
longitudinal axis of the pipe.* The more general case, in
which the geometry of the cavity and the deformation vary as
a function of cavity depth, will be addressed in a subsequent

paper.
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Figure 15.  Schematic diagram of a measurement device

which relies on two opposing collinear PALs.

Holographic Interferometry

Holo-interferometric fringe patterns may also be recorded
within a cavity using the configuration shown in Figure 15.
One panoramic annular lens is used to illuminate the cavity
wall with coherent light, and the resulting intensity distribution
is holographically recorded through the second panoramic

IMAGING PAL COLLECTOR RECORDING
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Figure 16.

An artificial speckle pattern projected onto the
walls of a cavity may be used for profiling.

annular lens. Interference fringes can be obtained in real time
by comparing holograms recorded before and after the cavity
shape is modified.

The holographic fringes produced when two reconstructed
hologram images corresponding to an undeformed and
deformed surface are superimposed can be analyzed using

nh=g-d . (2

where n is the fringe order number. A is the wavelength of the
coherent light used to record and reconstruct the hologram and
d is the displacement vector of the surface point under
consideration. The sensitivity vector g is defined by (g; - g,)
where e, and e, are unit vectors in the direction of illumination
and in the direction of observation, respectively.

The observed displacement fringes are due to the change in
optical path length which occurs between recordings. These
path length changes give rise to a distribution of phase

differences between the reconstructed wavefronts which results
in areas of constructive or destructive interference and are seen

as light and dark fringes. As discussed above, the component
of displacement measured at each point depends upon the
location of the source and on the point of observation; the
displacement vector is projected along the sensitivity vector
which coincides with the angle bisector of €, and e..

When recorded through a PAL, the fringe pattern is first
analyzed in the image plane. Then, the values obtained for the
corresponding displacement must be mapped to object space by
taking into account the separation between the PALs, the radial
distance between the test surface and the optical axis of the
system, the design parameters of the PALs, and the optical
transformations used to illuminate the cavity wall and create the



PAL image. Figure 17, for example, shows a holographic

pattern recorded on the wail of a cylindrical pipe as the pipe is
translated perpendicular to its longitudinal axis.” A quadrant
of the pattern is linearized and compared to theory in Figure
18. A detailed study of this mapping and the corresponding
theoretical analysis for holographic fringe patterns recorded
through PAL systems will appear in a subsequent paper.

Holographic pattern recorded on the interior wall
of a cylindrical pipe for translation normal to the
longitudinal axis.

Figure 17.

Figure 18. A comparison of the linearized image for the
tirst quadrant of the image shown in Figure 17
with theory.

Conclusions

This paper has described a new panoramic annular lens that
produces a flat annular image of the entire 360 degree surround
of the optical axis of the lens. Since imaging systems which
incorporate the PAL have no moving parts and have an infinite
depth of field, cavities can be inspected and measured
precisely. The FCP mapping creates an annular image which
may be linearized for improved human viewing.
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In addition to visual inspection, cavities have been profiled
using an approach called radial metrology. Numerous examples
of radial metrology have been discussed including amplitude-
based measurements conducted by projecting structured patterns
onto the cavity walls and phase-based measurements performed
using holographic interferometry.

Future publications will discuss the advantages and
disadvantages of various configurations proposed for radial
metrology and will establish guidelines for further development
including automated analysis.
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