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Introduction
A helmet/head mounted display (HMD) is a device that utilizes a microdisplay and optics to create a virtual image of the display at a comfortable viewing distance magnified to an appropriate size.  These types of devices have been in use in the medical community, simulators, and military applications and several products have been developed recently to target commercial sales for gaming applications.  
The focus of this paper is the eye box for non pupil forming HMDs and understanding the implications of the eye box limitations to the user.  The optical characteristics that describe the volume within which the user can place their pupil and experience the full performance of the device is called the eye box.  One key parameter for a HMD is the Field Of View (FOV).  A second parameter is resolution as a function of eye position, typically specified as the CTF for pixelated displays.  The two parameters identified here do not completely describe the performance of an HMD but they are the two most important parameters that will determine how the user of HMD assesses the performance of the system.
Examples of HMD’s
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Figure 1. eMagin 3D Visor HMD

                                                                                    Figure 2. VSI F-35 HMDS

Field of View

The FOV parameter has been used to characterize the Eye Box for non pupil forming systems as it is a relatively simple measurement to take.  As long as the pupil remains the eye box shown in Figure 3 the user will be able to see the entire FOV. 
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Figure 3. FOV limiting Eye Box 

The placement of the eye pupil is dependent on the angle that the user is looking at.  The foveal vision of the eye, where high resolution imagery is collected on the retina, is limited to approximately a 2 degree FOV1.  This requires that the eye rotate in order to view off axis field angles with high resolution.  This required rotation now introduces a translation of the pupil due to the fact that the eye rotates about a point that is 10mm behind the pupil1.  The eye relief is typically specified as the maximum distance between the user’s pupil, or cornea, or sometimes stated as the apex of the eye, from the outermost optical surface of the eyepiece.  The problem with this type of specification is that it is misleading and will not allow the user to view parts of the FOV without vignetting.  The placement of pupil determines how much light is collected by the eye for off axis angles and as the eye translates out the eye box vignetting of the outer part of the FOV will occur.  The resulting translation of the eye for viewing the edges of the FOV is given by the simple geometric relationship:
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The eye relief is better described as the distance from the outermost optical surface to the center of rotation for the eye.  This is true because the user will position the HMD in such a way to allow him to view the entire FOV comfortably with as little vignetting as possible which results in moving the eye closer to the optic in order to maintain the full FOV.  This is illustrated in Figure 4.
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Figure 4a. Eye placement resulting in loss of FOV  

Figure 4b.  Eye moved closer to optic to maintain FOV  

Resolution
Another key parameter for a HMD is the resolution of the device.  In a system with a pixelated display, which most HMDs now use a Liquid Crystal Display (LCD) of some form or an Organic Light Emitting Diode (OLED) display, the resolution is measured as the Contrast Transfer Function (CTF).  The CTF is measured as the modulation of the image of a square wave pattern for various frequencies.  The highest resolution the display is capable of is it’s Nyquist frequency, corresponding to a 1 pixel on 1 pixel off square wave pattern.  Figure 5 shows an example of a display with a Nyquist frequency square wave pattern. 
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Figure 5.  Nyquist frequency square wave pattern for CTF measurement
The calculation of the CTF is given by the equation:
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where:

Max = luminance of the bright bars

Min = luminance of the dark bars

This measurement is performed at various spatial frequencies to generate a CTF curve that fully describes the contrast of the display versus spatial resolution.  This measurement is also performed in both the horizontal and vertical orientations of the square wave patterns.
In order to use the display as it was designed the full resolution must be maintained inside the eye box.  Maintaining the full resolution can be specified in a number of ways, but a typical specification is 50% of the CTF at the ideal pupil position.  The CTF will vary for off axis field angles and the cutoffs for these off axis field angles should be 50% of the max for that particular field angle.  While the cutoffs should be normalized for each field angle the absolute CTF at the off axis field angles should be specified.  Figure 6 shows and example of an on axis CTF map for the Nyquist frequency of an HMD.  The horizontal scale shows the center position, in mm, for a 5 mm pupil and the vertical axis shows the vertical center of a 5mm sampling aperture.  This mapping was performed at only one eye relief position, so while it does not fully describe the eye box volume it does describe the area where the user can position his pupil and still get good resolution.  Also this performance is for on axis only, for a more complete characterization of how the system performs this scan should be repeated for several off axis field positions.   The example plots are not normalized so the 50% cutoff occurs at a Michelson’s contrast of 0.2, which is the yellow zone in the plots.
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Figure 6. Example of a CTF pupil scan 
HMD Eye Box Requirements
The eye box will be the volume in which both the requirements for full FOV and full resolution are maintained.  In addition to just meeting the design criteria for performance the HMD also needs to account for tolerances of the user pupil position.  The tolerance on the user pupil position can come from the anthropometric differences in the user population, the accuracy of the user positioning the device, or the environment in which the HMD is used.  The anthropometric data that should be examined for the designed user population are the: InterPupillary Distance (IPD), Pupil positions relative to key features on the head that are references for the HMD attachment to the head.  The user’s ability to locate the ideal position for his pupil will be limited by the size of the pupil.  The user should be able to place his pupil at the ideal location within the radius of his pupil, typically 2.5mm.  Finally, the environment that HMD is used in will require the eye box to be larger to allow for movement of the pupil caused by movement of the user’s pupil relative the HMD.  This type of motion occurs when an HMD is used in a moving vehicle or designed to be used by while moving on foot.  The amount movement seen in these situations comes from how well the system is coupled to user’s head.  If the mount is a custom fit helmet using thermoplastic molds of each individual then the fit can be expected to very good but if the design is an adjustable set of elastic straps for one size fits all approach then the design should be analyzed and the appropriate allowance added to the eye box size. 

Conclusion
The eye box of the HMD is a crucial part a HMD as it serves as the connection between the device and the user.  In order for the HMD to be accepted by the user the eye box must allow for comfortable viewing of the full FOV with the required resolution.  The eye box for the system must account for the required eye relief of the system which must include allowances for brow size (how deep set the user’s are) and clearance for eyeglasses.  In addition there must be allowances for lateral pupil movement caused by environmental use of the system.  Finally, as with any optical instrument these requirements must be traded against other criteria such as size, weight, and cost in order to have a successful design.
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