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ABSTRACT 
 
Radial metrology is the process of making optical inspections and measurements, typically within cavities, using a 
panoramic system.  The panoramic imaging optic can be any one of several different types of wide-angle optics 
including the Panoramic Refracting Optic (PRO) described in this paper.  Transfer optics are typically included so 
that the panoramic image can be detected by a camera.  The camera output is digitized, processed by a 
computer, and displayed and/or stored as needed. 
  
RADIAL METROLOGY 
 
Imaging or illuminating cylindrical, semi-spherical, or hemispherical scenes is generally accomplished using a 
plurality of angular field-of-view cameras/lenses positioned to characterize the necessary field-of-view. Typically, 
the angular field-of-view of each camera/lens is on the order of 120° or less. Thus, multiple cameras/lenses are 
required to simultaneously view or illuminate, for example, the traffic flow at an intersection, the entire area 
surrounding a vehicle or structure, the interior of a room, or the walls of a cavity. 
 
A solution to this problem is a camera/lens having the ability to image or illuminate annularly thereabout, i.e., over 
an entire 360° field-of-view.  The process of making optical inspections and measurements using such a 
panoramic system is called radial metrology [1-4].  Extensive work has been performed in this area using a 
Panoramic Annular Lens (PAL) [5] available commercially from Optechnology, Inc., Huntsville, Ala. 
  
PANORAMIC ANNULAR LENS 
 
As illustrated in Fig. 1, the PAL is a single-element imaging block comprised of three spherical optical surfaces 
and one flat optical surface.  Two of the spherical surfaces are mirrored while the third spherical surface and the 
flat surface are not. 
 
Rays leaving points A and B are refracted upon contacting the first spherical surface, and reflect off the rear 
mirrored spherical surface.  They travel forward in the lens and strike the front, mirrored spherical surface.  
Reflected back, the rays are refracted at the rear flat optical surface and diverge as they exit the lens.  The 
divergent rays leaving the flat optical surface at the back of the PAL can be "back traced" to form virtual images 
corresponding to points A and B at the points labeled A' and B'.  A biconvex lens, labeled as the collector lens, 
forms real images of these internal points at A'' and B''. 
 
All rays in the object space contained between points A and B intersect at a common point called the entrance 
pupil.  A field angle, φ, can be included as one of three spherical coordinates measured from an axis system 



situated at this point.  The field angles corresponding to the points labeled A and B in Fig. 1 are called the upper 
and lower field angle, respectively.  They define the limits on the field of view and are a function of the index of the 
glass used in the PAL.   
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Figure 1.  The PAL works based on refraction and reflection. Figure 1.  The PAL works based on refraction and reflection. 
  
For a 38 mm (1.5in.) diameter PAL made from Schott SF14 glass (n = 1.76), φupper = 25o and φlower = -20o.  When 
the area between these field angles is rotated around the optical axis through an angle of 2π, a cylinder is 
described.  Imaging all points contained within the field of view produces flat annular images [6] typical of those 
shown in Fig. 2. 
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Figure 2.  The lens produces an annular image of its surroundings (Photos by Dr. Pal Greguss). 
 

The resolution of the 38 mm (1.496 in.) diameter PAL varies from the forward viewing edge to the back viewing 
edge with an angular resolution of approximately 6 millirads.  Unfortunately, the three-dimensional realization of a 
lens, based on the two-dimensional geometry depicted in Fig. 1, is difficult to machine with acceptable tolerances. 
Thus, the PAL is limited to use in expensive systems that can tolerate its high-cost of precision manufacturing.  
Further, the PAL's forward-looking view, along the optical axis, is somewhat limited due to the presence of the 
upper concave surface. 



PANORAMIC REFRACTIVE OPTIC 

In contrast, the Panoramic Refractive Optic (PRO) [7] operates partly like a panoramic annular lens (PAL), partly 
like a fish-eye lens, and partly like a convex mirror.  In comparison with a PAL, a PRO provides a wider field of 
view that can be semi-spherical or even hemispherical.  Other advantages are that it is simpler to construct and 
can be fabricated at lower cost. 

As illustrated in Fig. 3, the PRO comprises a conically-shaped piece of optical material having an annular surface 
satisfying Snell's Law for total internal reflection.  The annular surface is symmetric about the device's optical axis 
and the concave surfaces (defined by the arc of a circle, a parabola, an ellipse, etc.) meet at a vertex that 
terminates at the end opposite to the flat face. 

The limits of the field of view are determined primarily by the index of refraction of the optic and the curvature of 
its refracting/reflecting surface.  Suitable materials include, but are not limited to, quartz glass, Plexiglas, flint 
glass, boron glass, diamond, or any other optical material suitable for use in the manufacturing of lenses.  

  

 
 

Figure 3. The design of the PRO is based on Snell’s Law. 
 
 
Referring to Fig. 3, consider a ray leaving point A, situated on an object located somewhere within a semi-
spherical field of view and depicted by the dotted line a-a’.  The ray propagates through the medium surrounding 
the optic (e.g., air, water, etc.) where it is refracted by the concave surface at point B.  The light travels through 
the PRO and strikes the opposite surface at point C where the surface normal, n-n’, is defined.   

The concave surface is designed so that the light is totally internally reflected at point C.  For this to occur, the 
angle, θ, must be greater than the critical angle θc defined by Snell's Law which states, 
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When the ray exits the PRO at point D, it is refracted only slightly, since the normal and light path are nearly 
aligned. 



Following an argument similar to that given earlier for the PAL, the divergent ray leaving the flat optical surface at 
the back of the PRO can be "back traced" to form a virtual image of the point.  As illustrated in Fig. 4, a biconvex 
lens (in this case, attached to the digital camera used to take the photograph) is used as a collector lens.  The 
latter forms a real image of the internal point(s), thereby allowing the viewer to observe the panoramic mage. 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A PRO and its panoramic image are recorded with a digital camera. 

 

DISCUSSION 

The PAL and PRO can be used to illuminate objects located in their fields of view by supplying light energy in the 
reverse direction of the imaging light paths. Accordingly, the devices can be mounted on a camera or display 
device for the purpose of imaging or used in conjunction with a light source for the purpose of illumination.  
Conjugate imaging techniques can even be used to project panoramic images to viewers positioned within or 
outside of a continuous viewing screen [8]. 

The PRO has a significant advantage over the PAL in that other design features can be easily integrated.  For 
example, the end face need not be flat, but could be a concave or convex surface. Shaping of the end face can 
be used to tailor the exiting (or entering in the case of illumination) light path for a particular application. 
  
Further, the conically-shaped annular portion of the optic could have a cylindrically-shaped piece of optical 
material optically coupled thereto; the latter having a flat, concave, or convex surface.  The inclusion of this 
cylindrical portion provides a means for holding the optic during the manufacturing and use thereof. 
 
A NEW PERSPECTIVE FOR RADIAL METROLOGY 
 
Referring to the images shown in Fig. 5, the PAL has been applied in applications ranging from measuring 
contours using techniques such as holo-interferometry (upper left) and electronic speckle pattern interferometry 
(upper right) [9, 10] to positioning objects relative to one another (lower left) [11] and tracking vibration modes in 
cavities (lower right) [12-14]. 
 
In all of the cases illustrated, images were recorded with a 38 mm (1.5 in.) diameter PAL with objects contained 
within a 450 band.  Designers have since employed a slightly higher index glass to reduce the diameter to 25 mm 
(1.0 in.) and extend the upper and lower field angles to 410 and 390, respectively, giving a viewing angle of 800.  
However, in some practical applications, it is desirable to further extend the field of view to include objects located 
forward of the imaging system.  Cylindrical reflectors have been positioned behind a PAL to look forward [15] and 
a foveal lens system has been incorporated [16].  But the application of these techniques either resulted in 
discontinuous images or proved difficult and expensive to bring to practice.  In contrast, the PRO can be more 
easily configured to facilitate hemispherical imaging. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.  Examples of radial metrology conducted using a PAL. 

 
Holo-Interferometry (upper left), Electronic Speckle Pattern Interferometry (upper right), Panoramically Assisted 

Rendezvous and Capture (lower left), and Time-Average Modal Analysis (lower right). 
 
 
HEMISPHERICAL IMAGING 

In the renditions of the PRO described above, the optic's conically-shaped annular portion terminates at the 
vertex.  However, in situations where a full hemispherical field-of-view is needed, the front of the PRO can be 
configured to provide optical access to objects lying along its optical axis.  In the schematic shown to the left in 
Fig. 6, for example, the tip of the conically-shaped annular portion is designed to image the region between points 
B and C.  Thus, a hemispherical region, defined by points A and D can be imaged or illuminated.  The photograph 
included to the right in Fig. 6 shows three different PRO designs, two of which have forward looking capabilities.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. A forward looking image train can be incorporated into the PRO to provide a hemispherical field of view. 
 



CONCLUSION 
 
The PRO offers numerous advantages over other panoramic imaging devices. The optic can image or illuminate a 
semi-spherical or hemispherical region thereabout. The conically-shaped optical can be constructed easily as it is 
a simple geometry to machine. 
 
There are numerous variations and modifications that will be readily apparent to those skilled in the art of radial 
metrology and, in light of the developments reported herein, it is hoped that the PRO will find numerous 
applications therein. 
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