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ABSTRACT

Radial metrology combines an optical
measurement technique with fiber optics and a
unique lens system to study material
properties and deformations on the inner
surfaces of the cavities found, for example,
inside pipes, tubes, and boreholes. The
equations considered in designing and testing
a prototype for profiling are described along
with tests conducted to demonstrate proof of
principle. Digital image acquisition and
processing techniques are used to interpret
various features appearing in the images and
to transform images for improved human
viewing.

1. INTRODUCTION

In a recent paper[1], some of the authors
introduced a technique to make optical
measurements within cavities. The
measurement system included a panoramic
doughnut lens (PDL) which produces an annular
Flat Cylinder Perspective (FCP) image[2,3].
The PDL has been used to make holo-
interferometric and speckle photographic
recordings[4] and, when combined with
appropriately structured illumination, can be
used for profiling.

Profiling measurements are important in
many areas. 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
trouble shoot a collection system for leaking
joints, root intrusion, and protruding taps.
Radial metrology, as proposed in this paper,
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. Other important engineering
applications involve cases where chemical
deposits cause corrosion, or where
combinations of thermal and mechanical
stresses cause wear or produce cracks. Such
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. Radial metrology can also be used
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to identify parts outside of set tolerances,
and could potentially be used in biomedical
applications to contour internal organs and
arteries.

Many other techniques including
photogrammetry[5,6], shadow moire[ 7-9], and
projection speckle methods[10 -12], have been
applied for profiling, and some of these
techniques have been combined with computer
methods[6,8,9,11,12] to produce machine
vision systems capable of acquiring one or
more images of an object by an optical
noncontact sensing device. In these machine
vision systems, various characteristics of
the acquired images are studied to measure
deflections or predict the surface contour.

The profiling techniques described above
have been applied mainly to study the outer
surfaces of structural components. In
general, the associated measuring system
relies on a large number of optical and
electronic components, many of which are
difficult to miniaturize. Although optical
fibers offer potential for miniaturization
and could be incorporated into such systems
to profile remote surfaces[13], fiber -based
systems (as well as the more conventional
non -fiber -based systems) suffer from a
limited field of view. This presents a
problem, for example, when profiling the
inner wall of a pipe. In this case, the
imaging device would have to be translated
along, and rotated around, the optical axis
of the device to examine all points on the
inner surface of the pipe; constraints which
severely limit functional and real -time
capabilities.

Ideally, a device for profiling the inner
surface of a cavity should be rugged,
compact, and capable of obtaining an
unobstructed, complete, and comprehensive
image of the cavity space in every direction.
Unfortunately, it is virtually impossible to
develop a practical device capable of
recording a sphere of vision. However, most
cavities can be regarded as cylindrical
rather than spherical volumes, and
information can be transformed, using
stretching methods, onto a flat surface
creating a 2 -D representation of the 3 -D
cylindrical surface. This transformation,
called Flat Cylinder Perspective (FCP), can
be performed optically using a panoramic
doughnut lens[2]. Figure 1, for example,
shows a photograph taken in a courtyard with
the lens pointed toward the sky. The width
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electronic components, many of which are 
difficult to miniaturize. Although optical 
fibers offer potential for miniaturization 
and could be incorporated into such systems 
to profile remote surfaces[13], fiber-based 
systems (as well as the more conventional 
non-fiber-based systems) suffer from a 
limited field of view. This presents a 
problem, for example, when profiling the 
inner wall of a pipe. In this case, the 
imaging device would have to be translated 
along, and rotated around, the optical axis 
of the device to examine all points on the 
inner surface of the pipe; constraints which 
severely limit functional and real-time 
capabilities.

Ideally, a device for profiling the inner 
surface of a cavity should be rugged, 
compact, and capable of obtaining an 
unobstructed, complete, and comprehensive 
image of the cavity space in every direction. 
Unfortunately, it is virtually impossible to 
develop a practical device capable of 
recording a sphere of vision. However, most 
cavities can be regarded as cylindrical 
rather than spherical volumes, and 
information can be transformed, using 
stretching methods, onto a flat surface 
creating a 2-D representation of the 3-D 
cylindrical surface. This transformation, 
called Flat Cylinder Perspective (FCP), can 
be performed optically using a panoramic 
doughnut lens[2]. Figure 1, for example, 
shows a photograph taken in a courtyard with 
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of the annular FCP image corresponds to the
vertical viewing angle, and each concentric
ring in the image plane is the loci of points
recorded at a constant horizontal field
angle. Furthermore, the central portion of
the lens can be completely removed, since it
is not used to form the image.

The PDL and its unique properties lend
themselves to use in radial metrology.
Figure 2 is a schematic of one of many
optical configurations currently being
evaluated for profiling. The 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
doughnut lens (3) and is 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
doughnut lens (3) and is projected 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.

The following section describes the
measurement technique associated with the
radial profilometer. This discussion is
followed by a description of the calibration
procedure and feasibility tests conducted to
illustrate proof of principle. Digital image
acquisition and processing techniques are
also described. These techniques are used to
correct for image distortion, and to
interpret various features appearing in the
images.

2. ANALYSIS

Figure 3 defines the cartesian and
cylindrical coordinate systems used for
subsequent analysis. In both systems, the
optical axis of the profilometer lies along
the z- direction; point S corresponds to the
point of intersection formed by tracing the
ray reflected from the conical mirror back to
the optical axis of the profilometer (see
Figure 2). Light is projected to point P at
an angle a, and the image of the illuminated
surface is captured at an angle ß, measured
with respect to a radial line lying in the r-
z plane. When the surface moves normal to
the optical axis, the projected image appears
to shift along the z- direction through a
displacement w. The corresponding radial
displacement r is given by

r = w (1)
tan [90 - a] + tan ß

The relationship between r and w is
nonlinear, since ß varies from point to
point.

The displacement along the z- direction is
mapped into the image plane by the panoramic
doughnut lens via a mapping function, f, as
follows

r' = f[w] (2)

This function takes into account the
magnification factor, and includes the FCP
stretching methods used to create a 2 -D
representation of the 3 -D cylindrical
surface. Ideally, one would like to design a
radial profilometer so that the nonlinear
effects inherent in Equations (1) and (2)
compensate one another over as large a range
as possible such that,

r' = Cr + b

where C and b are constants.

(3)

By measuring r' and knowing C and b,
Equation (3) can be solved for r. Once r is
established for a known value of 0, the z-
coordinate of the illuminated point can be
calculated using

z = r
sin a

(4)

Therefore, one procedure for profiling a
cavity is to initially establish a fixed
global axis system in space with its z -axis
aligned with that of the local system shown
in Figure 3, and then to move the
profilometer along the z- direction. The
coordinates for r and e are the same for the
local and global systems; z- coordinates in
the global system are calculated by taking
into account the relative position of the
local system.

3. EXPERIMENTAL

Figure 4 shows a cross -sectional view of a
device built to illustrate a calibration
procedure and to demonstrate proof of
principle of the measurement system described
above. An unexpanded beam produced by a
laser (1) passes through a 90 degree prism
(2) (mounted on a transparent glass plate
(4)) and reflects off a rotating front
surface mirror (3). The laser beam reflects
off the mirror, passes through the glass
plate (4), and illuminates the interior wall
of a cavity (5). The figure shows a pipe
being tested with its longitudinal axis
positioned symmetrically with respect to the
optical axis of the profilometer. In this
case, the laser traces out a circular ring on
the inside wall of the pipe. The image of
the illuminated surface is captured by the
panoramic doughnut lens (6), and is projected
by the projection lens (7) onto the image
plane of a conventional 35mm, camera (8).

The device was designed and built to
satisfy the condition in Equation (3), and
was tested as shown in Figure 4 by inserting
it into a circular pipe with an inner radius,
R, equal to 2.25" (57.2 mm). The optical
axis of the device was positioned parallel to
the longitudinal axis of the pipe; the
coordinate system shown in Figure 3 was used
for analysis.
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Figure 5 shows the image photographed when
the radial profilometer is positioned at the
center of the pipe. The relatively thick
circle is the laser trace; thin equispaced
lines were drawn on the interior surface of
the pipe to visually illustrate the nonlinear
mapping inherent in Equation (2).

Figure 6 was recorded after the pipe was
translated along the x- direction through a
displacement, u, of 0.35" (8.9 mm). Radial
lines, drawn every five degrees, were
superimposed on the photograph to aid in
calibrating the profilometer. With 0
measured from x,

J

1

/

2r= u2 + R2 + 2uR cos (e + Y) (5)

where R is the inner radius of the pipe, and
-1

Y = sin Hu sine)/R].

Equation (5) can be derived using simple
geometry, and defines the radial distance
between the pipe and the optical axis of the
profilometer for any angle e. More
importantly, the equation holds for any z-
coordinate, since the optical axis of the
device remains parallel to the longitudinal
axis of the pipe and the cross section of the
pipe is constant. This makes the translated
pipe ideal for calibrating the profilometer,
since r' can be measured on Figure 6.

Figure 7 shows the calibration curve
established by plotting r [calculated on the
basis of Equation (5)] versus r' [measured
along the radial lines superimposed on Figure
(6)] for points taken at five degree
increments as a ranged from 0 to 360 degrees.
The curve holds over a 0.70" (17.8 mm) range
where the value of r lies between 1.9" (48.26
mm) and 2.6" (66.04 mm). In this range, the
response is linear and governed by Equation
(3) with C equal to 2.06. A value of b =
-0.71" ( -18 mm) is established by
interpolating the curve back to r = O. No
physical interpretation can be associated
with this value of b (r' at r = 0), since the
central portion of the PDL contains no image.
It is simply one of the parameters required
in Equation (3) to evaluate r within the
calibrated range.

Figure 8 clearly indicates that the
profilometer can be used to visually detect
inclusions of constant cross section located
on the inner wall of a pipe. The ring shown
in the figure was created using a rotating
mirror but could have been produced as
depicted in Figure 2, or formed by
diffracting light through a transparency
containing closely spaced concentric circles
In any case, the laser trace maps out shapes
in the image plane which are "similar" to
those of the inclusions. Each shape is
reduced (or magnified) in size as defined by
the constant, C, in Equation (3).

To be useful for internal inspection of
long cylindrical cavities, a radial
profilometer must be small enough to pass
through the cavity, and must include a means
for relaying data to a remote location.
Figure 9 shows the image of a square test
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pattern (drawn on the inside wall of a
cylindrical pipe) recorded using an optical
configuration similar to that shown in Figure
2. The 4mm diameter coherent bundle used to
record the image consists of several thousand
individual 12 micron diameter fibers and has
a resolution capability of approximately 27
line pairs per millimeter. The resolution
and contrast of the image is relatively poor,
since the photograph was recorded from a
television monitor.

When a cavity is relatively large (several
centimeters in diameter), the PDL imaging
system can be fixed directly to a small
vidicon, CCD, or CID camera. In this case,
visual information may by relayed through
coaxial cables to a remote monitoring system.

4. DISCUSSION

Direct visual interpretation of a PDL
image is often difficult for the unskilled
observer. With this in mind, an algorithm
was developed to allow the doughnut shaped
images to be linearized for viewing and
measuring purposes. It must be recognized
that there is no way to present a non-
rectangular image in a rectilinear format
without distortion. This is essentially the
same problem as making a flat map of a round
globe. However, the type of distortion
introduced can be chosen and controlled by
the choice of mapping scheme that is used
(equal maximal dimensions, equal areas,
etc.). The mapping used here maintains equal
maximal dimensions by 'rolling' the annular
image along its outer circumference and
moving all the pixels between the contact
point and the center of the iamge to a
vertical line in the final rectangular image.

The first step in linearizing the images
obtained from the panoramic doughnut lens is
to specify the desired region of the annular
image that is to be straightened. This is
done by entering four (x,y) locations into
the computer. The first two points should be
on the outer circumference of the image and
specify the end points of the region of
interest. The third point must be on the
same circumference and allows the computer to
calculate the radius appropriate to the image
being examined and also specifies which of
the two possible segments between the first
two points is desired. The last point is
chosen anywhere along the inner circumference
and allows the machine to determine the image
height. The machine now knows the entire
segment that is desired and can proceed to
straighten it out.

First the center location of the annulus
is calculated (this center point need not be
in the portion of the image which is stored
in the computer), and then the height and
width of the output rectangular image are
determined in units of pixels. The width
will be equal to the length of the outer
circumference of the selected segment, and
the height will be the difference between the
inner and outer radii of the annular image.

A sampling factor is selected which
determines the spacing of radial lines along
which samples will be taken. This same
sampling factor is used to determine the
separation between samples along each radial
line. Starting from one end of the chosen
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segment, the polar coordinates of each sample
along a radial line are mapped to
corresponding (x,y) coordinates in the
original image. The intensities of the
samples calculated along each radial line are
assigned to a column in the final image.
Figure 10 illustrates how samples (shown as
o's) in the annular image are mapped into a
rectangular array. After each radial line is
finished, the radial angle is incremented,
and the process is repeated until the other
end of the specified image is reached. If
the sampling density is such that the number
of converted values is larger than the array
size of the final image, the values that are
associated with a particular output pixel
location are averaged. The example shown in
the figure takes samples spaced half a pixel
apart, so four values are averaged to
determine the value of each pixel in the
final image. Figures 11 and 12 show the
results of applying the algorithms described
above to portions of the images shown in
Figures 1 and 8, respectively. The
resolution and contrast of the images are
relatively poor, since both photographs were
recorded from a television monitor. The
lower portion of the trace shown in Figure 8
represents the 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.

5. CONCLUSIONS AND FUTURE RESEARCH

A new device, called a radial
profilometer, has been described which is
capable of contouring or measuring
deflections on the inner surfaces of
cavities. The main advantages of this device
are that it is simple and relatively
inexpensive, it can be miniaturized, there
are no moving parts, the image is
continuously displayed in the image plane,
and measurements are completely automated.

An analysis was presented which
demonstrates that an entire cavity can be
profiled simply by moving the profilometer
through the cavity. Feasibility tests have
illustrated that the measurement system can
be designed so that profiling measurements
are based on a linear calibration curve.
Automated analysis was discussed including
the development of computer algorithms for
transforming the image for improved human
viewing.

Future publications will discuss the
advantages and disadvantages of various
configurations proposed for radial metrology.
The range and accuracy for each configuration
will be presented, along with appropriate
discussions of the numerical algorithms and
computer software used to automatically
extract quantitative measurements from the
acquired images. After developing these
tools, the authors expect to produce a three -
dimensional, full -field computer vision
system which will automatically draw an
isometric view of the cavity under study by
recognizing and combining various features of
several images taken through a radial
profilometer.
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Figure 1. Photograph of a courtyard taken
through a panoramic doughnut lens (PDL)
imaging system.
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Figure 5. Image of a pipe located
symmetrically with respect to the optical
axis of the profilometer. The thick white
line is the laser trace. Thinner dark lines
were drawn equally spaced along the
longitudinal axis of the pipe illustrate
the nonlinear mapping of the PDL.
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Figure 7. Calibration curve for the
profilometer for displacements ranging from 0
to 0.35" (8.9 mm).

Figure 6. Image of a pipe translated 0.35" Figure 8. Laser trace obtained when
(8.9 mm) along the x- direction. The thick inclusions are placed on the inner wall of
white line is the laser trace. Thinner dark the pipe.
lines were drawn equally spaced along the
longitudinal axis of the pipe and illustrate
the nonlinear mapping of the PDL.
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Figure 5. Image of a pipe located 
symmetrically with respect to the optical 
axis of the profilometer. The thick white 
line is the laser trace. Thinner dark lines 
were drawn equally spaced along the 
longitudinal axis of the pipe and illustrate 
the nonlinear mapping of the PDL.

Figure 7. Calibration curve for the 
profilometer for displacements ranging from 0 
to 0.35" (8.9 mm).

Figure 6. linage of a pipe translated 0.35" 
(8.9 mm) along the x-direction. The thick 
white line is the laser trace. Thinner dark 
lines were drawn equally spaced along the 
longitudinal axis of the pipe and illustrate 
the nonlinear mapping of the PDL.

Figure 8. Laser trace obtained when 
inclusions are placed on the inner wall of 
the pipe.
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Figure 9. PDL image photographed through a Figure 11. The digitized image resulting from
coherent fiber optic bundle of a square test applying a transformation algorithm to a
grid located on the inner wall of a pipe. portion of the image shown in Figure 1.
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Figure 10. Samples (shown as o's) in the
annular PDL
rectangular

image
array

(a),
(b).

can be mapped into a
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Figure 12. The digitized image resulting from
applying a transformation algorithm to a
portion of the image shown in Figure 8.

Figure 9. PDL image photographed through a 
coherent fiber optic bundle of a square test 
grid located on the inner wall of a pipe.

Figure 11. The digitized image resulting from 
applying a transformation algorithm to a 
portion of the image shown in Figure 1.
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Figure 10. Samples (shown as o's) in the 
annular PDL image (a), can be mapped into a 
rectangular array (b).

Figure 12. The digitized image resulting from 
applying a transformation algorithm to a 
portion of the image shown in Figure 8.
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