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General Requirements for Port

Port optic must be a single element to simplify mechanical design and provide relaxed alignment tolerances.  Maximum port diameter of 3.5 inches must allow visualization of objects in seawater within approximately 70 degree horizontal field of view.

The imaging system chosen includes the Blackmagic 4K camera with MFT mount and Rokinon 10 mm focal length lens. 


Flat Window Port

A simple flat plate window offers a low cost viewport solution.  The flat port works well for narrow field of view applications such as macro and close up photography.  However, wide angle imaging is not compatible with flat plate viewports:

· The water to air refractive index ratio increases system focal length by a factor of ~ 1.34 and significantly reduces the “in water” field of view.

· Optical aberrations such as lateral color and distortion increase rapidly with field of view angles > 50 degrees.  See Field Curvature Distortion Plot and Spot Diagram for a Flat Port System with Rokinon 10 mm lens, Figures 1A and 1B.

Tilting of the flat port approximately 7 degrees with respect to optical axis of camera system doubles the total amount of optical system aberrations. 


Concentric Sphere Viewport 

A better port for wide angle underwater imaging is the concentric spherical port.  Best image resolution is obtained by placing the entrance pupil of chosen camera lens at the center of curvature defined by two radii of the concentric optical surfaces.

Virtual Image Formation

Unlike the flat port, the concentric spherical port maintains the optical system “in air” field of view for an object in water.  Optical refraction of the dome port forms a virtual image of an underwater subject.  The virtual image of an underwater object at infinity is formed in front of the port at a distance approximately twice the radius of convex port surface.  For underwater objects located 500 mm in front of the dome port, the virtual image is formed at a distance approximately equal to the radius of convex port surface.  Formation of the virtual image close to the port and camera lens can pose a problem if the distance to virtual image is less than the minimum object distance of system lens.

 Maximizing the distance to virtual image requires selecting the concentric port radii at the largest value that is compatible with prevention of vignetting by the dome aperture.  See layout of a 3 ½ inch diameter Concentric Dome Port system with Rokinon 10 mm lens, Figure 2.

Field Curvature Aberration

With a concentric dome port system of Figure 2, optical aberrations such as lateral color, astigmatism and distortion are minimal and do not significantly contribute to image degradation.  The dominant optical aberration associated with the concentric dome port system of Figure 2 is field curvature.  Optical refraction at the water-air interface produces a field curvature such that a virtual image of an underwater object presented to the camera lens is not focused on a flat surface, but rather focused on a curved surface.  The camera image sensor is flat, so if the center of the image is focused at the center of the sensor, the outer portions of the image will be focused behind the image sensor and become blurred.  See the Field Curvature Distortion Plot and Spot Diagram for 3 ½ inch Concentric Port System with Rokinon 10 mm lens, Figures 3A and 3B.  

The amount of Field Curvature generated by a concentric dome port varies as 1/R where R is the concave surface radius. Minimizing the field curvature aberration requires selecting the largest concentric port radii that are compatible with prevention of vignetting by the dome aperture.  Maximum distance to virtual image and minimum field curvature are achieved with the general layout of Figure 2.

 
Aspheric Viewport 

Replacing the convex spherical surface of concentric port with an aspheric surface provides considerable reduction in spot size with increased distortion to ~4% and a slight reduction in field of view.  See Figures 4A and 4B.  The distortion generated by an aspheric convex surface may not be desirable for stereo imaging, but a thorough evaluation of an aspheric viewport within a stereo arrangement is not within the scope of this review.








Other System Considerations 

Alignment adjustments of multiple imaging systems will be required to form the stereo model.  If the lens entrance pupil is located at the center of curvature of concentric dome port radii, pivoting the imaging system about the center of entrance pupil to adjust “look angles” will not change the viewport optical imaging properties.

Off axis aberrations cause the two perspective images of an object region to be dissimilar and result in reduced accuracy of parallax information.  Field curvature of a concentric dome port causes a symmetric blurring of image detail versus an asymmetric blurring of image detail caused by astigmatism and lateral color.  Distortion directly affects the magnitude of parallax data acquired at off-axis image regions.  Analyzing the overall effect of aberrations associated with aspheric versus concentric spherical viewports is not within the scope of this review.  


Conclusion

A concentric dome port with lens and camera configured according to the general layout of Figure 2 is probably the best choice for use in a stereo camera system.
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