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identification using features of an eye are de
scribed. Embodiments of the systems and methods 

112 can include segmenting an iris of an eye in the eye 
112a image to obtain pupillary and limbic boundaries 

of the eye, determining two angular coordinates 
(e.g., pitch and yaw) of an eye pose using the pu
pillary and limbic boundaries of the eye, identify
ing an eye feature of the eye (e.g., an iris feature 
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124a ric application. In some implementations, iris seg
mentation may not be performed, and the two an
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EYE POSE IDENTIFICATION USING EYE FEATURES 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of priority under 35 U.S.C. § 119(e) to 

U.S. Provisional Application No. 62/242,838, filed on October 16, 2015, entitled "EYE 

POSE IDENTIFICATION USING EYE FEATURES," which is hereby incorporated by 

reference herein in its entirety.  

BACKGROUND 

Field 

[0002] The present disclosure relates generally to systems and methods for 

processing eye imagery.  

Description of the Related Art 

[0003] The human iris can be used as a source of biometric information.  

Biometric information can provide authentication or identification of an individual. The 

process of extracting biometric information, broadly called a biometric template, typically 

has many challenges.  

SUMMARY 

[0004] In one aspect, a method for eye pose identification is disclosed. The 

method is performed under control of a hardware computer processor. The method 

comprises segmenting an iris of an eye in the eye image to obtain pupillary and limbic 

boundaries of the eye; determining two angular coordinates of an eye pose measurement 

using the pupillary and limbus boundaries of the eye; identifying an iris feature of the eye; 

determining a third angular coordinate of the eye pose measurement using the identified iris 

feature; and utilizing the eye pose measurement for display of an image or a biometric 

application. In another aspect, the method for eye pose identification can be performed by a 

head mounted display system. The iris features can include textures, patterns, or keypoints in 
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the iris. In another aspect, additionally or alternatively to iris features, the method can be 

implemented using scleral features.  

[0005] In another aspect, a method for identifying an eye pose from an eye image 

is described. The method is performed under control of a hardware computer processor and 

comprises determining a pitch and a yaw of the eye from an eye image; determining a roll of 

the eye from an eye feature; and determining an eye pose of the eye image based at least 

partly from the pitch, the yaw, and the roll. A wearable display system can include a 

processor that performs the method. The eye feature can include an iris feature or a scleral 

feature.  

[0006] In another aspect, a method for detecting an error in operation of a head 

mounted display is disclosed. The method is performed under control of a hardware 

computer processor and comprises determining a first roll angle of a first eye of a wearer of 

the head mounted display, determining a second roll angle of a second eye of the wearer of 

the head mounted display, and detecting an error in operation of the head mounted display 

operation based at least partly on a comparison of the first roll angle and the second roll 

angle.  

[0006A] The current invention seeks to provide a head mounted display (HMD) 

system comprising: an image capture device for tracking an eye pose of an eye of a wearer of 

the HMD system in an eye image of the eye of the wearer, wherein the eye pose comprises a 

direction toward which the eye is looking; non-transitory memory configured to store the eye 

image; a display for providing virtual image information to the wearer of the HMD system 

based on the eye pose of the wearer in the eye image; and a hardware processor programmed 

to: receive the eye image from the image capture device; map a pupil in the eye image to an 

equivalent frontal view to provide a remapped eye image; identify an eye feature based at 

least partly on the remapped eye image; determine a pitch and a yaw of the eye based at least 

partly on the remapped eye image; determine a roll of the eye based at least partly on the eye 

feature in the remapped eye image; determine the eye pose of the eye based at least partly on 

the pitch, the yaw, and the roll; determine the virtual image information to be provided to the 

wearer of the HMD using the eye pose of the eye; and cause the display to provide the virtual 

image information to the wearer of the HMD system.  
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[0006B] In one embodiment, to determine the roll of the eye, the hardware 

processor is programmed to determine a homography between the eye image and a reference 

eye image.  

[0006C] In one embodiment, to determine the roll of the eye, the hardware 

processor is programmed to utilize a polar coordinate representation of the eye image.  

[0006D] In one embodiment, to determine the roll of the eye, the hardware 

processor is programmed to compare an iris code of the eye image to an iris code from a 

reference eye image.  

[0006E] In one embodiment, the hardware processor is further programmed to: 

determine biometric data of the eye using the eye pose of the eye image.  

[0006F] In one embodiment, the eye feature comprises an iris feature, wherein the 

iris feature comprises a texture, a pattern, or a keypoint in the iris.  

[0006G] In one embodiment, the eye feature comprises a scleral feature, wherein 

the scleral feature comprises a blood vessel.  

[0006H] In one embodiment, the processor is further programmed to segment an 

iris of the eye in the eye image.  

[00061] In one embodiment, the direction toward which the eye is looking 

comprises a direction toward which the eye is looking through the display.  

[0006J] In one embodiment, the hardware processor is programmed to map the 

pupil in the eye image to the equivalent frontal view to provide the remapped eye image 

based at least in part on one or more intrinsic parameters of the image capture device.  

[0006K] In one embodiment, the hardware processor is further programmed to 

identify one or more predicted areas of occlusion by an eyelid of the eye over an iris of the 

eye.  

[0006L] In one embodiment, the reference eye image comprises an image of the 

eye of the wearer of the HMD system in a resting eye state.  

[0006M] In one embodiment, the resting eye state of the eye of the wearer of the 

HMD system corresponds to a state in which the eye of the wearer of the HMD system is 

looking forward.  
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[0006N] In one embodiment, the hardware processor is programmed to normalize a 

radial dimension extending from a pupillary boundary to a limbic boundary.  

[00060] In one embodiment, the hardware processor is programmed to invert a 

homography computed from a limbic boundary to map the pupil in the eye image to an 

equivalent frontal view to provide the remapped eye image.  

[0007] Details of one or more implementations of the subject matter described in 

this specification are set forth in the accompanying drawings and the description below.  

Other features, aspects, and advantages will become apparent from the description, the 

drawings, and the claims. Neither this summary nor the following detailed description 

purports to define or limit the scope of the inventive subject matter.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 schematically illustrates an example of an eye showing eye 

features.  

[0009] FIG. 1A shows an example of three angles (e.g., yaw, pitch, and roll) that 

can be used for measuring eye pose direction relative to a natural, resting state of the eye.  

[0010] FIGS. 2A-2B schematically illustrate an example eye pose identification 

system using iris features.  

[0011] FIGS. 3A-3B schematically illustrate an example of an iris code 

identification system for identifying an eye pose of an eye.  
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[0012] FIG. 4 schematically illustrates an example of an eye pose identification 

routine.  

[0013] FIG. 5 schematically illustrates an example of a wearable display system.  

[0014] Throughout the drawings, reference numbers may be re-used to indicate 

correspondence between referenced elements. The drawings are provided to illustrate 

example embodiments described herein and are not intended to limit the scope of the 

disclosure.  

DETAILED DESCRIPTION 

Overview 

[0015] Extracting biometric information from the eye generally includes a 

procedure for the segmentation of the iris within an eye image. Iris segmentation can involve 

operations including locating the iris boundaries, including finding the pupillary and limbic 

boundaries of the iris, localizing upper or lower eyelids if they occlude the iris, detecting and 

excluding occlusions of eyelashes, shadows, or reflections, and so forth. For example, the 

eye image can be included in an image of the face or may be an image of the periocular 

region. To perform iris segmentation, both the boundary of the pupil (the interior boundary 

of the iris) and the limbus (the exterior boundary of the iris) can be identified as separate 

segments of image data.  

[0016] Further, to obtain biometric information (e.g., an eye pose), algorithms 

exist for tracking the eye movements of a user of a computer. For example, a camera 

coupled to a monitor of the computer can provide images for identifying eye movements.  

However, the cameras used for eye tracking are some distance from the eyes of the user. For 

example, the camera may be placed at the top of a user's monitor coupled to the computer.  

As a result, the images of the eyes produced by the camera are, often, produced with poor 

resolution.  

[0017] Additionally, the geometry that relates the camera and the user's head is 

not generally provided a priori to an algorithm tracking the eye movements. As a result, 

determining the eye pose of a user may present challenges, and may not be easily related to a 

coordinate system of the user's head. With the techniques disclosed herein, eye pose 

identification can be used to substantially identify a pointing direction of the eye and also 
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predict the areas of occlusion by the eyelids over the iris. Embodiments of eye pose 

identification described herein advantageously can be used for estimating the portion of the 

iris occluded by eyelids. Additionally, in some implementations, this eye pose identification 

can be used to generate a model for the eyelid location that may be used either in place of, or 

as a starting point, for segmentation algorithms and for identification of a coordinate frame 

for a user's head.  

[0018] In the context of a wearable head mounted display (HMD), cameras may 

be closer to the user's eyes than a camera coupled to a user's monitor. For example, cameras 

may be mounted on the wearable HMD, which itself is mounted to a user's head. The 

proximity of the eyes to such a camera can result in higher resolution eye imagery.  

Accordingly, it is possible for computer vision techniques to extract visual features from the 

user's eyes, particularly at the iris (e.g., an iris feature) or in the sclera surrounding the iris 

(e.g., a scleral feature). For example, when viewed by a camera near the eye, the iris of an 

eye will show detailed structures. Such iris features are particularly pronounced when 

observed under infrared illumination and can be used for biometric identification. These iris 

features are unique from user to user and, in the manner of a fingerprint, can be used to 

identify the user uniquely. Eye features can include blood vessels in the sclera of the eye 

(outside the iris), which may also appear particularly pronounced when viewed under red or 

infrared light.  

[0019] The present disclosure describes iris features that can be associated with a 

"descriptor." A descriptor can be a numerical representation of the region near the iris 

feature. The descriptor can be used for recognition of the same iris feature in another image 

of the eye. As disclosed herein, such iris features can be used not only to track the motion of 

the eyes in a general sense, but also to determine the pose of the eye (e.g., gaze direction).  

For example, computation of a homography that relates two eye images (e.g., a mathematical 

transformation between the two eye images) can be used to identify the eye pose: the change 

in the iris features between the two images can indicate a new eye pose (e.g., in one image) 

relative to an initial eye pose (in another image). Additionally or alternatively to iris 

features, descriptors for features in the sclera of the eye can be used.  

[0020] The present disclosure also describes examples of eye pose identification.  

Using the iris features, a computation of the homography between at least two eye images 
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can be processed using a feature-based tracking technique (FBT), a code-based tracking 

(CBT) technique, or both. In certain embodiments of both techniques, the iris is first 

segmented, e.g., the pupil and limbus boundaries of the iris are identified as separate 

segments of image data. From this segmentation, two angular dimensions of the eye pose 

can be determined (e.g., pitch and yaw angles). By comparing the iris features, a third 

angular dimension of the eye pose can be identified (e.g., roll), and, in turn, with all three 

angular dimensions identified, an eye pose for the eye can be identified. As will be described 

further below, the feature-based tracking technique and code-based tracking technique may 

vary in the way that each technique computes the third angular dimension of eye pose (e.g., 

the roll angle of the eye). In various embodiments, all three angular dimensions of the eye 

can be determined from a comparison of iris features of various eye images, without 

necessarily performing iris segmentation on the eye images.  

[0021] Other challenges may be present when processing eye imagery from a 

wearable HMD. For example, tracking an eye using images from cameras mounted in an 

HMD may introduce other problems: eye movement may be difficult to distinguish from 

HMD movement or movement of the cameras that are mounted to the HMD. However, 

using the techniques described herein, the challenges present in tracking an eye using images 

obtained from an HMD can be mitigated by determining the eye pose of the eye in the 

reference frame of the HMD.  

[0022] More specifically, current eye imagery processing techniques may not use 

the roll of the eye, or a third angular dimension of eye pose. However, an estimation of the 

roll of the eye can be used to measure torsion due to eye movement, noise suppression, or 

error checking for movement of the HMD Viewed from the perspective of an eye image 

obtained from a camera mounted to an HMD, the roll angle can correspond to a change of 

pose of the camera (e.g., a pointing direction of the camera), relative to an orbit around the 

eye whose axis of rotation is the optical axis of the pupil. To the extent that the exact 

location of the camera is not known precisely relative to the eye (e.g., in the context of a 

wearable HMD), the computation of the roll angle of the pupil can be used to determine the 

location of the camera, and thus the mount of the HMD itself.  

[0023] Additionally, because the cameras obtaining eye imagery are mounted to 

an HMD itself, the view direction of the user in a coordinate frame of the head can be 
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determined. As an example, for a head mounted Augmented Reality (AR) device, eye pose 

identification using the coordinate frame of the HMD itself may be determined.  

[0024] As used herein, video is used in its ordinary sense and includes, but is not 

limited to, a recording of a sequence of visual images. Each image in a video is sometimes 

referred to as an image frame or simply a frame. A video can include a plurality of 

sequential frames or non-sequential frames, either with or without an audio channel. A video 

can include a plurality of frames, which are ordered in time or which are not ordered in time.  

Accordingly, an image in a video can be referred to as an eye image frame or eye image.  

Example of an Eye 

[0025] FIG. I illustrates an image of an eye 100 with eyelids 104, sclera 108, iris 

112, and pupil 116. Curve 116a shows the pupillary boundary between the pupil 116 and the 

iris 112, and curve 112a shows the limbic boundary between the iris 112 and the sclera 108 

(the "white" of the eye). The eyelids 104 include an upper eyelid 104a and a lower eyelid 

104b. The eye 100 is illustrated in a natural resting pose (e.g., in which the user's face and 

gaze are both oriented as they would be toward a distant object directly ahead of the user).  

The natural resting pose of the eye 100 can be indicated by a natural resting direction 120, 

which is a direction orthogonal to the surface of the eye 100 when in the natural resting pose 

(e.g., directly out of the plane for the eye 100 shown in FIG. 1) and in this example, centered 

within the pupil 116.  

[0026] The eye can include eye features 124 in the iris or the sclera (or both) that 

can be used for eye tracking or biometric applications. FIG. I illustrates an example of eye 

features 124 including iris features 124a and a scleral feature 124b. Eye features 124 can be 

referred to as individual keypoints. Such eye features may be unique to an individual's eye, 

and may be distinct for each eye of that individual. An iris feature 124a can be a point of a 

particular color density, as compared to the rest of the iris color, or as compared to a certain 

area surrounding that point. As another example, a texture (e.g., a texture that is different 

from texture of the iris nearby the feature) or a pattern of the iris can be identified as an iris 

feature 124a. As yet another example, an iris feature 124a can be a scar that differs in 

appearance from the iris. Eye features 124 can also be associated with the blood vessels of 

the eye. For example, a blood vessel may exist outside of the iris but within the sclera. Such 
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blood vessels may be more prominently visible under red or infrared light illumination. The 

scleral feature 124b can be a blood vessel in the sclera of the eye. In some cases, the term eye 

feature may be used to refer to any type of identifying feature in or on the eye, whether the 

feature is in the iris, the sclera, or a feature seen through the pupil (e.g., on the retina).  

[0027] Each eye feature 124 can be associated with a descriptor that is a 

numerical representation of an area surrounding the eye feature 124. A descriptor can also be 

referred to as an iris feature representation. As yet another example, such eye features may 

be derived from scale-invariant feature transforms (SIFT), speeded up robust features 

(SURF), features from accelerated segment test (FAST), oriented FAST and rotated BRIEF 

(ORB), KAZE, Accelerated KAZE (AKAZE), etc. Accordingly, eye features 124 may be 

derived from algorithms and techniques from the field of computer vision known. Such eye 

features 124 can be referred to as keypoints. In some of the example embodiments described 

below, the eye features will be described in terms of iris features. This is not a limitation and 

any type of eye feature (e.g., a scleral feature) can be used, additionally or alternatively, in 

other implementations.  

[0028] As the eye 100 moves to look toward different objects, the eye pose will 

change relative to the natural resting direction 120. The current eye pose can be measured 

with reference the natural resting eye pose direction 120. The current pose of the eye 100 

may be expressed as three angular parameters indicating the current eye pose direction 

relative to the natural resting direction 120 of the eye. For purposes of illustration, and with 

reference to an example coordinate system shown in FIG. 1A, these angular parameters can 

be represented as a (may be referred to as yaw), P (may be referred to as pitch), and y (may 

be referred to as roll). In other implementations, other techniques or angular representations 

for measuring eye pose can be used, for example, any other type of Euler angle system.  

[0029] An eye image can be obtained from a video using any appropriate process, 

for example, using a video processing algorithm that can extract an image from one or more 

sequential frames. The pose of the eye can be determined from the eye image using a variety 

of eye-tracking techniques as described herein.  
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Example of an Eye Pose Identification with Feature-Based Tracking 

[0030] FIGS. 2A-2B schematically illustrate an example eye pose identification 

system using iris features. More specifically, FIGS. 2A-2B illustrate a feature-based tracking 

technique for eye pose identification. The example depicted shows a segmented iris. As 

depicted in FIG. 2A, iris features 124a are identified in an eye with iris 112 and pupil 116.  

Curve I16a shows the pupillary boundary between the pupil 116 and the iris 112, and curve 

I12a shows the limbic boundary between the iris 112 and the sclera. As described above, iris 

features 124a can be associated with a numerical representation, for example, as computed 

from the area of the segmented iris.  

[0031] Iris features 124a can be used to relate any particular image (e.g., the 

image in FIG. 2B) to a reference image of the eye (e.g., the eye pointing forward in a rest 

position as shown in FIG. 2A). In this example, FIG. 2A can be an eye as obtained from a 

reference eye image. FIG. 2B depicts the same eye rotated (toward a pointing direction), as 

obtained from another eye image. Using the iris features 124a, the homography that relates 

the position of the iris features 124a in the rotated eye image (e.g., FIG. 2B) to the position in 

the reference eye image (e.g., FIG. 2A) can be computed. For example, two angular 

dimensions can be computed using the iris features 124a. Or in another embodiment, the iris 

may be first segmented with these two angular dimensions computed after that iris 

segmentation. Because the iris is very nearly flat, a homography can be an appropriate 

mapping; however, distortion from the cornea may be taken into account, in some 

implementations, for higher precision results. In one embodiment, the two angular 

dimensions can be referred to as yaw and pitch. Additionally, as depicted in FIG. 2B, the 

pointing direction of the eye can be related to a third angular dimension. The third angular 

dimension can be referred to as the roll of the eye. With all three angular dimensions of the 

eye obtained, and eye pose can be identified comprising the three angular dimensions. The 

identified eye pose may be a numerical representation of the eye represented in a three

dimensional angular coordinate system. Accordingly, the change in the roll rotation of the 

eye in a third angular dimension may be determined, for example, the change in roll rotation 

depicted in FIGS. 2A-2B. Such a process of computing the homography between at least 

two images may be referred to as "matching" iris features 124a.  
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[0032] The computed two angular dimensions (e.g., yaw and pitch) may be used 

to verify the iris segmentation determined via other segmentation techniques. For example, a 

segmentation transformation may be solved for simultaneously with the determination of the 

iris feature (e.g., a keypoint) homography. In one implementation, the segmentation 

transformation may be solved for, keypoints isolated from the images, the homography 

solved for from the keypoints, and the segmentation verified, with a final solution being 

computed (if the segmentation was verified) using the keypoints and the boundary 

segmentation to compute a single solution.  

[0033] The numerical representation of iris features 124a may change between 

two obtained eye images if the iris features 124a are computed directly from the image. For 

example, perspective distortion and the dilation state of the pupil may change the apparent 

location of the iris features 124a in the segmented eye. In addition, the numerical 

representations (e.g., the descriptors) may be distorted and possibly introduce challenges to 

matching iris features 124a between images. Accordingly in one embodiment, the pupil may 

be remapped to an equivalent frontal view (e.g., by inverting the homography computed from 

the limbic boundary), and thereafter computing the iris features 124a from that undistorted 

image. Such a mapping may also include normalization of the radial dimension extending 

from the pupillary boundary to the limbic boundary.  

[0034] Further, an obtained eye image may be converted a polar coordinate 

representation system (see, e.g., U.S. Patent No. 5,291,560 to Daugman). In such a 

representation system, the x-coordinate is equivalent to the angular coordinate in the 

undistorted image and the y-coordinate is equivalent to a "pseudo-radius" (the radial distance 

from the pupil boundary). Such a polar image may be normalized to a standard size. In such 

a case, the iris features 124a and numerical representations are computed on the polar image.  

Matches between two obtained eye images may be computed relative to numerical 

representations, defined by that polar image. To find a match between two obtained eye 

images, the polar transformation and the rectification transformation can be inverted and the 

location of the iris features 124a in the original image can be computed. In one embodiment, 

iris features 124a associated with an orientation may be unnecessary. In the computed polar 

image, the orientation of the iris features 124a may be fixed, independent of roll rotation of 

the eye.  
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[0035] Although the foregoing examples have been described in the context of 

identifying an eye pose using iris features, this is for illustration and is not intended to be 

limiting. In other implementations, any suitable eye feature can be used to identify an eye 

pose. For example, pupil features may be used to detect changes between eye images, and 

thus compute the roll angle of the eye.  

Example of an Eye Pose Identification with Code-Based Tracking 

[0036] FIGS. 3A-3B schematically illustrate an example of an iris code 

identification technique for identifying an eye pose of an eye. This example illustrates the 

code-based tracking technique using iris features, such as the iris features 124a in FIG. 1. As 

depicted in FIG. 3A, an image 304a of the eye in a resting pose (e.g., looking straight ahead) 

can include iris features 124al. As depicted in FIG. 3B, an image 304b shows a change in 

the roll angle of the eye by an amount 308a, which angularly shifts the iris features 124al in 

the image 304b relative to their angular position in the resting pose image 304al. For 

example, an iris feature 124al in the image 304a is shifted in angular position by the angle 

308a to appear as a shifted iris feature 124a2 in the image 304b. The image 304b is shown 

from the resting perspective (e.g., as if the eye were looking straight ahead), which can be 

achieved using the yaw and pitch angles described above.  

[0037] The iris in the images 304a, 304b can be mapped (e.g., "unrolled") to the 

polar representation system with radial coordinate r and angular coordinate y discussed 

above. Or in another embodiment, the iris may be first segmented with two angular 

dimensions mapped to the polar representation system. An iris code 312a, 312b can be 

extracted from each of the images 304a, 304b, respectively. Due to the rotation of the eye by 

the angle 308a, the iris features in the iris code 312b will be shifted by a shift amount 308b 

relative to their position in the iris code 312a. By comparing the iris codes 312a, 312b, the 

shift amount 308b can be determined. In the polar coordinate system, the shift amount 308b 

may be measured in pixels, which can be converted into a measure of the angle 308a, e.g., in 

degrees.  

[0038] The iris codes can be computed in a variety of ways. For example in some 

embodiments, iris codes can be computed according to algorithms developed by John 

Daugman for iris biometrics (see, e.g., U.S. Patent No. 5,291,560). For example, the iris 
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code can be based on a convolution of the iris image (in polar coordinates) with 2-D 

bandpass filters (e.g., Gabor filters), and the iris code can be represented as a two bit number 

(e.g., whether the response to a particular Gabor filter is positive or negative).  

[0039] In the comparison process of the code-based tracking technique, an initial 

iris code 312a (e.g., an iris code from a starting eye position, such as from the image 304a) 

can be recomputed for a window of possible translations (e.g. -10 pixels to +10 pixels) in the 

third angular dimension. The window can be selected based on the expected amount of roll 

angle (which corresponds to horizontal translation in the iris code) that user's experience as 

their eye pose changes or as the HMD shifts, moves, or rotates while being worn by the user.  

The window may represent a roll angle of less than about 5 degrees, less than about 10 

degrees, less than about 20 degrees, less than about 30 degrees, or some other value. In some 

implementations, the recomputed iris codes are hashed and stored in a binary tree. The shift 

amount 308b can be calculated by determining a minimum number of differing bits (e.g., a 

Hamming distance) between the iris codes as currently measured relative to one of the 

re-computed iris codes from the reference image 304a. The minimum number of differing 

bits can be selected as the correct rotation along the y axis. From the displacement 312ab in 

the y axis direction of the iris code 312b, the roll angle of the iris (the angle 308a between the 

image 304b and the image 304a) can be directly computed. For example, if the unrolled 

image was 512 pixels wide and the displacement corresponding to the best match was 5 

pixels, then the roll of the eye is (5 pixels / 512 pixels) x 360 degrees ~ 3.5 degrees.  

[0040] Although the foregoing examples have been described in the context of 

identifying an eye pose using iris features, this is for illustration and is not intended to be 

limiting. In other implementations, any suitable eye feature can be used to identify an eye 

pose. For example, pupil features may be used to detect changes between eye images, and 

thus compute the roll angle of the eye. Additionally, although the foregoing examples have 

been described in the context of a polar representation, this is for illustration and is not 

intended to be limiting. In other implementations, any suitable numerical representation for 

an iris feature mapped to a suitable coordinate system can be used for implementing the 

code-based tracking technique.  
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Example Eye Pose Estimation Routine 

[0041] FIG. 4 is a flow diagram 400 of an illustrative routine 400 for measuring 

eye pose using embodiments of the FBT and CBT techniques described above. The routine 

400 begins at block 404. At block 408, an eye image is received. The eye image can be 

received from a variety of sources including, but not limited to: an image capture device, a 

head mounted display system, a server, a non-transitory computer-readable medium, or a 

client computing device (e.g., a smartphone).  

[0042] A normal human iris is circular to a high degree of accuracy. The iris will, 

in general, not appear circular when obtained from a camera image, even in the resting 

position (e.g., straight ahead) as the camera may not be positioned so as to view the eye from 

a substantially frontal angle. If the plane of the iris and the plane of the imager are not 

parallel, for some particular image, then the boundaries of the iris may appear oval or 

elliptical. Instrumental effects, such as the viewing angle of the camera, may also distort the 

image so that the iris does not appear circular. At block 412, the iris of the eye from the eye 

image is segmented to identify a limbic boundary and a pupillary boundary of the iris. As 

part of the segmentation, the location of the eyelid (which typically blocks part of the iris) 

may be determined. As described herein, segmenting the iris may not be performed in some 

implementations; therefore, block 412 is optional.  

[0043] At block 416, two angular coordinates of eye pose are determined based 

on an iris boundary (limbic or pupillary), or generally on the iris segmentation. For example, 

given the intrinsic parameters of the camera that characterize the perspective transformation 

(e.g., the focal lengths of the lens, the optical center point on the imager surface in pixel 

coordinates, etc..), it is possible to solve for a perspective transformation at which the iris is 

being viewed in two angular dimensions. Accordingly, the two angular dimensions that can 

be determined can be the yaw and pitch of the eye (see, e.g., the angles a and p shown in 

FIG. I A). As noted previously, the roll of the eye (the third angular dimension around which 

rotation does not change the boundary of the iris) may not be solved from the perspective 

transformation alone.  

[0044] At block 420, eye features are identified in the eye image. For example, 

this may occur as described above with respect to a texture or a pattern or a keypoint of the 

iris in certain locations. A numerical representation of the iris features can be computed, for 
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example, by computing the area around the iris feature, in terms of density of the pixels, in 

terms of a radius from the iris feature, in terms of an iris code, or by any other method to 

associate a numerical representation with the iris feature. Further, as described herein, the 

routine 400 is not limited to features that are only in the iris of the eye and can be applied 

(additionally or alternatively) to features in the sclera of the eye (outside the iris).  

[0045] At block 424, a third angular coordinate of eye pose is determined based 

on the identified eye features. As described above with respect to the feature-based tracking 

technique at FIGS. 2A-2B and with respect to the code-based tracking technique at 

FIGS. 3A-3B, the third angular coordinate of eye pose (e.g., the roll angle y shown in FIG.  

1A) can be determined from a change in the angular position of eye feature(s) (iris features or 

scleral features) between the image (acquired at block 408) and an image of the eye in a 

reference state (e.g., the resting state in which the eye looks straight ahead). Accordingly, 

with three angular dimensions of the eye determined, an eye pose for the eye can be 

identified as represented by a three-dimensional angular coordinate system.  

[0046] At block 428, the identified eye pose can be used for a biometric 

application or image display for a head mounted display (HMD). Thus, as can be seen from 

this example, the eye pose can be identified in accordance with the segmentation of the iris 

and the identified iris features measured from the segmented eye.  

[0047] In some implementations, the iris segmentation can be re-estimated using 

the identified eye pose, and a comparison between the initial iris segmentation and the re

estimated iris segmentation can be performed to verify the consistency of the eye pose 

estimation. For example, if the re-estimated iris segmentation is substantially the same as the 

initial iris segmentation (e.g., smaller than a threshold difference), then the eye pose estimate 

is likely to be accurate. Alternatively, the pose two measurements may be fused into a single 

measurement (e.g., by computing the underlying pose with the maximum probability of 

generating both measurements).  

[0048] In various embodiments, the routine 400 may be performed by a hardware 

processor (e.g., the local or remote processing modules 528, 532) of a wearable display 

system 500, for example, as described below with reference to FIG. 5. The routine 400 can 

be performed for a single eye of a wearer of the HMD or for both eyes of the wearer of the 

HMD.  
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Example of a Head Mounted Display Error Rotation Routine 

[0049] In various embodiments, a routine for determining rotation of a head 

mounted display relative to a wearer's head can be performed analogously to the routine 400 

(in which eye pose is identified from iris features). Typically the angular roll of each eye of 

a wearer is substantially the same. In the case of a wearable head mounted display, rotation 

of the HMD relative to the wearer's head can lead to eye roll that is measurably different for 

each of the wearer's eyes. Accordingly, if angular roll measurements for each of the eyes 

differ by more than a threshold, an error signal can be generated to indicate that an error has 

occurred with the wearable head mounted display. For example, in various embodiments, the 

threshold can be between one and five degrees, between five and ten degrees, or some other 

rotational amount.  

[0050] In various embodiments, the angular roll of each eye can be averaged over 

a series of images, and subsequently compared using this error rotation technique.  

[0051] In some embodiments, such comparisons may only be performed when the 

eyes are in the neutral, resting position. In others, this determination may be performed for 

other gaze directions. In this case, the expected roll of the eye as a result of the natural action 

of the steering muscles of the eye (e.g., the Medial rectus and Lateral rectus muscles) may be 

explicitly subtracted before comparison between the two eyes.  

Example Applications of Eye Pose Identification 

[0052] Systems and methods using eye pose identification permit many of the 

classical problems in image processing to be improved, when addressed within the context of 

video imagery. Additionally new problems can be addressed. For example, eye pose 

identification can be used for image classification from a video (e.g., identifying the iris of 

the eye), as well as for the localization of specific object types within one or more frames of 

the video (e.g., the location of the upper eyelid). As another example, eye pose identification 

can be applied to a video for the application of eye-tracking (e.g., determining the orientation 

or direction of an eye).  

[0053] In some such applications, as will be further discussed below, a wearable 

display system can include a processor that performs eye pose identification on video data 
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acquired by an image capture device operatively coupled to (e.g., attached to or included in) 

the wearable display system. The image capture device may acquire video of the wearer's 

eye or other components of the wearer's body (e.g., an eyebrow) for use in identifying eye 

pose.  

[0054] The use of eye pose identification advantageously permits recognition of 

eye pose in a video (e.g., acquired from an image capture device in a wearable display 

system), which may permit improved recognition or classification of objects in the video 

such as biometric information. For example, a conventional biometric template may have 

difficulty in determining an eye pose of the eye. However, the eye pose identification 

approach described herein can identify three angular dimensions of eye pose such as the yaw, 

pitch, and roll. Thus, by providing the ability to extract biometric information, eye pose 

identification (as described in FIG. 4 and illustrated in FIGS. 2A-2B and 3) can better track 

portions of the eye that are not available when using iris segmentation alone and can provide 

for more accurate iris segmentation used in biometric extraction. The eye pose identification 

techniques disclosed herein can be used by a head mounted display (e.g., such as in FIG. 5) 

for biometric extraction.  

Example Wearable Display System Using Eye Pose Identification 

[0055] In some embodiments, display systems can be wearable, which may 

advantageously provide a more immersive virtual reality (VR), augmented reality (AR), or 

mixed reality (MR) experience, where digitally reproduced images or portions thereof are 

presented to a wearer in a manner wherein they seem to be, or may be perceived as, real.  

[0056] Without being limited by theory, it is believed that the human eye 

typically can interpret a finite number of depth planes to provide depth perception.  

Consequently, a highly believable simulation of perceived depth may be achieved by 

providing, to the eye, different presentations of an image corresponding to each of these 

limited number of depth planes. For example, displays containing a stack of waveguides 

may be configured to be worn positioned in front of the eyes of a user, or viewer. The stack 

of waveguides may be utilized to provide three-dimensional perception to the eye/brain by 

using a plurality of waveguides to direct light from an image injection device (e.g., discrete 

displays or output ends of a multiplexed display which pipe image information via one or 
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more optical fibers) to the viewer's eye at particular angles (and amounts of divergence) 

corresponding to the depth plane associated with a particular waveguide.  

[0057] In some embodiments, two stacks of waveguides, one for each eye of a 

viewer, may be utilized to provide different images to each eye. As one example, an 

augmented reality scene may be such that a wearer of an AR technology sees a real-world 

park-like setting featuring people, trees, buildings in the background, and a concrete 

platform. In addition to these items, the wearer of the AR technology may also perceive that 

he "sees" a robot statue standing upon the real-world platform, and a cartoon-like avatar 

character flying by which seems to be a personification of a bumble bee, even though the 

robot statue and the bumble bee do not exist in the real world. The stack(s) of waveguides 

may be used to generate a light field corresponding to an input image and in some 

implementations, the wearable display comprises a wearable light field display. Examples of 

wearable display device and waveguide stacks for providing light field images are described 

in U.S. Patent Publication No. 2015/0016777, which is hereby incorporated by reference 

herein in its entirety for all it contains.  

[0058] FIG. 5 illustrates an example of a wearable display system 500 that can be 

used to present a VR, AR, or MR experience to the wearer 504. The wearable display system 

500 may be programmed to perform eye pose identification to provide any of the applications 

or embodiments described herein. The display system 500 includes a display 508, and 

various mechanical and electronic modules and systems to support the functioning of that 

display 508. The display 508 may be coupled to a frame 512, which is wearable by a display 

system wearer or viewer 504 and which is configured to position the display 508 in front of 

the eyes of the wearer 504. The display 508 may be a light field display. In some 

embodiments, a speaker 516 is coupled to the frame 512 and positioned adjacent the ear 

canal of the user in some embodiments, another speaker, not shown, is positioned adjacent 

the other ear canal of the user to provide for stereo/shapeable sound control. The display 508 

is operatively coupled 520, such as by a wired lead or wireless connectivity, to a local data 

processing module 524 which may be mounted in a variety of configurations, such as fixedly 

attached to the frame 512, fixedly attached to a helmet or hat worn by the user, embedded in 

headphones, or otherwise removably attached to the user 504 (e.g., in a backpack-style 

configuration, in a belt-coupling style configuration).  
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[0059] The frame 512 can have one or more cameras attached or mounted to the 

frame 512 to obtain images of the wearer's eye(s). In one embodiment, the camera(s) may be 

mounted to the frame 512 in front of a wearer's eye so that the eye can be imaged directly.  

In other embodiments, the camera can be mounted along a stem of the frame 512 (e.g., near 

the wearer's ear). In such an embodiment, the display 512 may be coated with a material 

that reflects light from the wearer's eye back toward the camera. The light may be infrared 

light, since iris features are prominent in infrared images.  

[0060] The local processing and data module 524 may comprise a hardware 

processor, as well as non-transitory digital memory, such as non-volatile memory e.g., flash 

memory, both of which may be utilized to assist in the processing, caching, and storage of 

data. The data include data (a) captured from sensors (which may be, e.g., operatively 

coupled to the frame 512 or otherwise attached to the wearer 504), such as image capture 

devices (such as cameras), microphones, inertial measurement units, accelerometers, 

compasses, GPS units, radio devices, and/or gyros; and/or (b) acquired and/or processed 

using remote processing module 528 and/or remote data repository 532, possibly for passage 

to the display 508 after such processing or retrieval. The local processing and data module 

524 may be operatively coupled by communication links 536, 540, such as via a wired or 

wireless communication links, to the remote processing module 528 and remote data 

repository 532 such that these remote modules 528, 532 are operatively coupled to each other 

and available as resources to the local processing and data module 524. The image capture 

device(s) can be used to capture the eye images used in the eye pose identification 

procedures.  

[0061] In some embodiments, the remote processing module 528 may comprise 

one or more processors configured to analyze and process data and/or image information 

such as video information captured by an image capture device. The video data may be 

stored locally in the local processing and data module 524 and/or in the remote data 

repository 532. In some embodiments, the remote data repository 532 may comprise a digital 

data storage facility, which may be available through the internet or other networking 

configuration in a "cloud" resource configuration. In some embodiments, all data is stored 

and all computations are performed in the local processing and data module 524, allowing 

fully autonomous use from a remote module.  
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[0062] In some implementations, the local processing and data module 524 and/or 

the remote processing module 528 are programmed to perform embodiments of identifying 

an eye -pose as described herein. For example, the local processing and data module 524 

and/or the remote processing module 528 can be programmed to perform embodiments of the 

routine 400 described with reference to FIG. 4. The local processing and data module 524 

and/or the remote processing module 528 can be programmed to use the eye pose 

identification techniques disclosed herein in biometric extraction, for example to identify or 

authenticate the identity of the wearer 504, or in eye gaze or eyelid shape estimation or pose 

estimation, for example to determine a direction toward which each eye is looking. The 

image capture device can capture video for a particular application (e.g., video of the 

wearer's eye for an eye-tracking application or video of a wearer's hand or finger for a 

gesture identification application). The video can be analyzed using the eye pose 

identification techniques by one or both of the processing modules 524, 528. With this 

analysis, processing modules 524, 528 can perform eye pose identification or detection 

and/or biometric extraction, etc. As an example, the local processing and data module 524 

and/or the remote processing module 528 can be programmed to store obtained eye images 

from cameras attached to the frame 512. In addition, the local processing and data module 

524 and/or the remote processing module 528 can be programmed to process the eye images 

using the feature-based tracking or code based tracking techniques described herein (e.g., the 

routine 400) to identify an eye pose of a wearer of the wearable display system 500. In some 

cases, off-loading at least some of the eye pose identification to a remote processing module 

(e.g., in the "cloud") may improve efficiency or speed of the computations. Various 

parameters for eye pose identification (e.g., weights, bias terms, random subset sampling 

factors, number, and size of filters (e.g., Sobel derivative operator), etc.) can be stored in data 

modules 524 and/or 532.  

[0063] The results of the video analysis (e.g., the estimated eye pose) can be used 

by one or both of the processing modules 524, 528 for additional operations or processing.  

For example, in various applications, biometric identification, eye-tracking, recognition, or 

classification of objects, poses, etc. may be used by the wearable display system 500. For 

example, video of the wearer's eye(s) can be used for eye pose identification, which, in turn, 

can be used by the processing modules 524, 528 to determine the direction of the gaze of the 
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wearer 504 through the display 508. The processing modules 524, 528 of the wearable 

display system 500 can be programmed with one or more embodiments of eye pose 

identification to perform any of the video or image processing applications described herein.  

Additional Aspects 

[0064] The eye pose identification techniques described here in can be applied to 

an image (e.g., from a video frame). Eye pose identification can be viewed together as a 

single process and/or methodology for processing an image of an eye.  

[0065] In a 1st aspect, a method for processing an eye image is disclosed. The 

method is under control of a hardware computer processor and comprises: segmenting an iris 

of an eye in an eye image to obtain pupillary and limbic boundaries of the eye; determining 

two angular coordinates of a first eye pose measurement using the pupillary and limbus 

boundaries of the eye; identifying an iris feature of the eye; determining a third angular 

coordinate of the first eye pose measurement using the identified iris feature; and utilizing the 

first eye pose measurement for display of an image or a biometric application.  

[0066] In a 2nd aspect, the method of aspect 1, wherein identifying the iris feature 

of the eye comprises: determining a descriptor for the iris feature, the descriptor comprising a 

numerical representation of the iris feature.  

[0067] In a 3rd aspect, the method of aspectoraspect 2, wherein determining 

the third angular coordinate comprises determining the third angular coordinate using a 

feature-based tracking technique, a code-based tracking technique, or a combination thereof.  

[0068] In a 4th aspect, the method of aspectIoraspect 2, wherein determining 

the third angular coordinate comprises determining the third angular coordinate using a 

feature-based tracking technique and a code-based tracking technique.  

[0069] In a 5th aspect, the method of aspect 4, wherein the feature-based eye 

tracking technique and the code-based tracking technique are performed substantially 

simultaneously to verify consistency of the determined eye pose.  

[0070] In a 6th aspect, the method of any one of aspects 1-5, wherein determining 

the third angular coordinate comprises determining, based at least partly on the iris feature, a 

homography between the eye image and a reference eye image.  

-19-



WO 2017/066296 PCT/US2016/056602 

[0071] In a 7th aspect, the method of any one of aspects 1-6, wherein determining 

the third angular coordinate comprises determining, based at least partly on the iris feature, a 

shift between an iris code generated from the eye image and an iris code generated from a 

reference eye image.  

[0072] In a 8th aspect, the method of any one of aspects 1-7, wherein the iris 

feature comprises to an area of the iris with a different texture, a pattern in the iris, or a 

keypoint of the iris.  

[0073] In a 9th aspect, the method of any one of aspects 1-8, wherein the first eye 

pose measurement is determined for a first eye of a user and a second eye pose measurement 

is determined for a second eye of the user, and wherein an average of the first eye pose 

measurement and the second eye pose measurement is used as a single estimate of the eye 

pose of the user.  

[0074] In a 10th aspect, a hardware processor is disclosed. The hardware 

processor is programmed to perform the method of any one of aspects 1-9.  

[0075] In a 11th aspect, a wearable display system for determining an eye pose, 

the wearable display system comprising: the hardware processor of aspect 10; and an image 

device configured to transmit eye images of a wearer of the wearable display system to the 

hardware processor.  

[0076] In a 12th aspect, the wearable display system of aspect 11, wherein the 

hardware processor is further programmed to perform the method of any one of aspects 1-9 

to determine biometric information of the eye of the wearer of the wearable display system.  

[0077] In a 13th aspect, a head mounted display system is disclosed. The head 

mounted display system comprises: an image capture device configured to capture an eye 

image; a hardware processor programmed to: receive the eye image from the image capture 

device; determine a pitch and a yaw of the eye based at least partly on the eye image; 

determine a roll of the eye based at least partly on an eye feature in the eye image; and 

determine an eye pose of the eye image based at least partly on the pitch, the yaw, and the 

roll.  

[0078] In a 14th aspect, the head mounted display system of aspect 13, wherein to 

determine the roll of the eye, the hardware processor is programmed to determine a 

homography between the eye image and a reference eye image.  
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[0079] In a 15th aspect, the head mounted display system of aspect 13 or aspect 

14, wherein to determine the roll of the eye, the hardware processor is programmed to utilize 

a polar coordinate representation of the eye image.  

[0080] In a 16th aspect, the head mounted display system of any one of aspects 

13-15, wherein to determine the roll of the eye, the hardware processor is programmed to 

compare an iris code of the eye image to an iris code from a reference eye image.  

[0081] In a 17th aspect, the head mounted display system of any one of aspects 

13-16, wherein the hardware processor is further programmed to: determine biometric data of 

the eye using the eye pose of the eye image.  

[0082] In a 18th aspect, the head mounted display system of any one of aspects 

13-17, wherein the eye feature comprises an iris feature.  

[0083] In a 19th aspect, the head mounted display system of aspect 18, wherein 

the iris feature comprises a texture, a pattern, or a keypoint in the iris.  

[0084] In a 20th aspect, the head mounted display system of any one of aspects 

13-17, wherein the eye feature comprises a scleral feature.  

[0085] In a 21st aspect, the head mounted display system of aspect 20, wherein 

the scleral feature comprises a blood vessel.  

[0086] In a 22nd aspect, the head mounted display system of any one of aspects 

13-21, wherein the processor is further programmed to segment the iris of the eye in the eye 

image.  

[0087] In a 23rd aspect, a method for detecting an error in operation of a head 

mounted display (HMD) is disclosed. The method is under control of a hardware computer 

processor and comprises: determining a first roll angle of a first eye of a wearer of the HMD; 

determining a second roll angle of a second eye of the wearer of the HMD; and detecting an 

error in operation of the head mounted display operation based at least partly on a 

comparison of the first roll angle and the second roll angle.  

[0088] In a 24th aspect, the method of aspect 23, wherein detecting the error in 

the operation of the head mounted display comprises: determining that a difference between 

the first roll angle and the second roll angle exceeds an error threshold.  

[0089] In a 25th aspect, the method of any one of aspects 23 or 24, further 

comprising: generating an error signal based on the detected error.  
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[0090] In a 26th aspect, the method of any one of aspects 23-25, wherein 

detecting the error in the operation of the head mounted display operation comprises tracking 

an average value for a roll angle in the plurality of eye images.  

[0091] In a 27th aspect, the method of any one of aspects 23-26, wherein 

determining the first roll angle or determining the second roll angle comprise performing the 

method of any one of aspects 1-9.  

[0092] In a 28th aspect, an apparatus is disclosed. The apparatus comprises a 

camera configured to take an image of an eye; and a processing system programmed to 

analyze the image of the eye to estimate an eye pose of the eye.  

[0093] In a 29th aspect, the apparatus of aspect 28, wherein the camera is a digital 

camera.  

[0094] In a 30th aspect, the apparatus of any one of aspects 28-29, wherein to 

analyze the image of the eye to estimate the eye pose of the eye, the processing system is 

programmed to determine a relative transformation between a current eye pose and a 

reference eye pose.  

[0095] In a 31st aspect, the apparatus of aspect 30, wherein to determine the 

relative transformation between the current eye pose and the reference eye pose, the 

processing system is programmed to analyze eye features in the eye.  

[0096] In a 32nd aspect, the apparatus of aspect 31, wherein to analyze the eye 

features in the eye, the processing system is programmed to analyze iris features or scleral 

features in the eye.  

[0097] In a 33rd aspect, the apparatus of aspect 32, wherein to analyze the eye 

features in the eye, the processing system is programmed to analyze a ring of a limbus of an 

iris of the eye.  

[0098] In a 34th aspect, the apparatus of aspect 33, wherein to analyze the ring of 

the limbus of the iris of the eye, the processing system is programmed to determining two of 

three dimensions of an angular transformation that relates the limbus boundary to the 

coordinate frame of the camera.  

[0099] In a 35th aspect, the apparatus of aspect 34, wherein the processing system 

is further programmed to perform a search of an angular window to determine an offset for 

an optimal match of iris-codes.  
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[0100] In a 36th aspect, the apparatus of aspect 35, wherein the processing system 

is further programmed to measure a roll angle corresponding to a third "roll" degree of 

freedom of the angular transformation using the offset.  

[0101] In a 37th aspect, the apparatus of any one of aspects 33-36, wherein the 

processing system is programmed to analyze the iris features or the scleral features in the eye 

and to analyze the ring of the limbus of the iris of the eye sequentially or as part of a 

simultaneous optimization.  

[0102] In a 38th aspect, the apparatus of any one of aspects 31-37, wherein the 

processing system is further programmed to extract eye features.  

[0103] In a 39th aspect, the apparatus of aspect 38, wherein the processing system 

is further programmed to: convert an iris image to polar form prior to the eye features are 

extracted; and inversely mapping the eye features back to image coordinates.  

[0104] In a 40th aspect, the apparatus of any one of aspects 28-39, wherein the 

apparatus is a head mounted-display.  

[0105] In a 41st aspect, the apparatus of aspect 40, wherein the eye is a one eye of 

a wearer of the head mounted-display, wherein the roll angle comprises a roll angle of the 

one eye of the wearer of the head mounted-display, and wherein the processing system is 

further programmed to: measure a roll angle corresponding to a third "roll" degree of 

freedom of another eye of the wearer of the head mounted display; and generates an error 

signal when the two roll angles do not match.  

[0106] In a 42nd aspect, the apparatus of aspect 41, wherein the processing 

system is programmed to: determine an average value of the two roll angles as a single 

estimate of a roll dimension of the angular measurement.  

[0107] In a 43rd aspect, the apparatus of any one of aspects 36-42, wherein the 

roll angle of the eye (torsion) is measured to correct the visual axis of the eye.  

Conclusion 

[0108] Each of the processes, methods, and algorithms described herein and/or 

depicted in the attached figures may be embodied in, and fully or partially automated by, 

code modules executed by one or more physical computing systems, hardware computer 

processors, application-specific circuitry, and/or electronic hardware configured to execute 
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specific and particular computer instructions. For example, computing systems can include 

general purpose computers (e.g., servers) programmed with specific computer instructions or 

special purpose computers, special purpose circuitry, and so forth. A code module may be 

compiled and linked into an executable program, installed in a dynamic link library, or may 

be written in an interpreted programming language. In some implementations, particular 

operations and methods may be performed by circuitry that is specific to a given function.  

[0109] Further, certain implementations of the functionality of the present 

disclosure are sufficiently mathematically, computationally, or technically complex that 

application-specific hardware or one or more physical computing devices (utilizing 

appropriate specialized executable instructions) may be necessary to perform the 

functionality, for example, due to the volume or complexity of the calculations involved or to 

provide results substantially in real-time. For example, a video may include many frames, 

with each frame having millions of pixels, and specifically programmed computer hardware 

is necessary to process the video data to provide a desired image processing task or 

application in a commercially reasonable amount of time.  

[0110] Code modules or any type of data may be stored on any type of non

transitory computer-readable medium, such as physical computer storage including hard 

drives, solid state memory, random access memory (RAM), read only memory (ROM), 

optical disc, volatile or non-volatile storage, combinations of the same and/or the like. The 

methods and modules (or data) may also be transmitted as generated data signals (e.g., as part 

of a carrier wave or other analog or digital propagated signal) on a variety of computer

readable transmission mediums, including wireless-based and wired/cable-based mediums, 

and may take a variety of forms (e.g., as part of a single or multiplexed analog signal, or as 

multiple discrete digital packets or frames). The results of the disclosed processes or process 

steps may be stored, persistently or otherwise, in any type of non-transitory, tangible 

computer storage or may be communicated via a computer-readable transmission medium.  

[0111] Any processes, blocks, states, steps, or functionalities in flow diagrams 

described herein and/or depicted in the attached figures should be understood as potentially 

representing code modules, segments, or portions of code which include one or more 

executable instructions for implementing specific functions (e.g., logical or arithmetical) or 

steps in the process. The various processes, blocks, states, steps, or functionalities can be 
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combined, rearranged, added to, deleted from, modified, or otherwise changed from the 

illustrative examples provided herein. In some embodiments, additional or different 

computing systems or code modules may perform some or all of the functionalities described 

herein. The methods and processes described herein are also not limited to any particular 

sequence, and the blocks, steps, or states relating thereto can be performed in other sequences 

that are appropriate, for example, in serial, in parallel, or in some other manner. Tasks or 

events may be added to or removed from the disclosed example embodiments. Moreover, 

the separation of various system components in the implementations described herein is for 

illustrative purposes and should not be understood as requiring such separation in all 

implementations. It should be understood that the described program components, methods, 

and systems can generally be integrated together in a single computer product or packaged 

into multiple computer products. Many implementation variations are possible.  

[0112] The processes, methods, and systems may be implemented in a network 

(or distributed) computing environment. Network environments include enterprise-wide 

computer networks, intranets, local area networks (LAN), wide area networks (WAN), 

personal area networks (PAN), cloud computing networks, crowd-sourced computing 

networks, the Internet, and the World Wide Web. The network may be a wired or a wireless 

network or any other type of communication network.  

[0113] The systems and methods of the disclosure each have several innovative 

aspects, no single one of which is solely responsible or required for the desirable attributes 

disclosed herein. The various features and processes described above may be used 

independently of one another, or may be combined in various ways. All possible 

combinations and subcombinations are intended to fall within the scope of this disclosure.  

Various modifications to the implementations described in this disclosure may be readily 

apparent to those skilled in the art, and the generic principles defined herein may be applied 

to other implementations without departing from the spirit or scope of this disclosure. Thus, 

the claims are not intended to be limited to the implementations shown herein, but are to be 

accorded the widest scope consistent with this disclosure, the principles and the novel 

features disclosed herein.  

[0114] Certain features that are described in this specification in the context of 

separate implementations also can be implemented in combination in a single 
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implementation. Conversely, various features that are described in the context of a single 

implementation also can be implemented in multiple implementations separately or in any 

suitable subcombination. Moreover, although features may be described above as acting in 

certain combinations and even initially claimed as such, one or more features from a claimed 

combination can in some cases be excised from the combination, and the claimed 

combination may be directed to a subcombination or variation of a subcombination. No 

single feature or group of features is necessary or indispensable to each and every 

embodiment.  

[0115] Conditional language used herein, such as, among others, "can," "could," 

"might," "may," "e.g.," and the like, unless specifically stated otherwise, or otherwise 

understood within the context as used, is generally intended to convey that certain 

embodiments include, while other embodiments do not include, certain features, elements 

and/or steps. Thus, such conditional language is not generally intended to imply that 

features, elements and/or steps are in any way required for one or more embodiments or that 

one or more embodiments necessarily include logic for deciding, with or without author input 

or prompting, whether these features, elements and/or steps are included or are to be 

performed in any particular embodiment. The terms "comprising," "including," "having," 

and the like are synonymous and are used inclusively, in an open-ended fashion, and do not 

exclude additional elements, features, acts, operations, and so forth. Also, the term "or" is 

used in its inclusive sense (and not in its exclusive sense) so that when used, for example, to 

connect a list of elements, the term "or" means one, some, or all of the elements in the list. In 

addition, the articles "a," "an," and "the" as used in this application and the appended claims 

are to be construed to mean "one or more" or "at least one" unless specified otherwise.  

[0116] As used herein, a phrase referring to "at least one of' a list of items refers 

to any combination of those items, including single members. As an example, "at least one 

of: A, B, or C" is intended to cover: A, B, C, A and B, A and C, B and C, and A, B, and C.  

Conjunctive language such as the phrase "at least one of X, Y and Z," unless specifically 

stated otherwise, is otherwise understood with the context as used in general to convey that 

an item, term, etc. may be at least one of X, Y or Z. Thus, such conjunctive language is not 

generally intended to imply that certain embodiments require at least one of X, at least one of 

Y and at least one of Z to each be present.  
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[0117] Similarly, while operations may be depicted in the drawings in a particular 

order, it is to be recognized that such operations need not be performed in the particular order 

shown or in sequential order, or that all illustrated operations be performed, to achieve 

desirable results. Further, the drawings may schematically depict one more example 

processes in the form of a flowchart. However, other operations that are not depicted can be 

incorporated in the example methods and processes that are schematically illustrated. For 

example, one or more additional operations can be performed before, after, simultaneously, 

or between any of the illustrated operations. Additionally, the operations may be rearranged 

or reordered in other implementations. In certain circumstances, multitasking and parallel 

processing may be advantageous. Moreover, the separation of various system components in 

the implementations described above should not be understood as requiring such separation 

in all implementations, and it should be understood that the described program components 

and systems can generally be integrated together in a single software product or packaged 

into multiple software products. Additionally, other implementations are within the scope of 

the following claims. In some cases, the actions recited in the claims can be performed in a 

different order and still achieve desirable results.  

[0118] The reference in this specification to any prior publication (or information 

derived from it), or to any matter which is known, is not, and should not be taken as an 

acknowledgment or admission or any form of suggestion that the prior publication (or 

information derived from it) or known matter forms part of the common general knowledge 

in the field of endeavour to which this specification relates.  

[0119] Throughout this specification and claims which follow, unless the context 

requires otherwise, the word "comprise", and variations such as "comprises" or 

"comprising", will be understood to imply the inclusion of a stated integer or group of 

integers or steps but not the exclusion of any other integer or group of integers.  
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WHAT IS CLAIMED IS: 

1. A head mounted display (HMD) system comprising: 

an image capture device for tracking an eye pose of an eye of a wearer of the 

HMD system in an eye image of the eye of the wearer, wherein the eye pose 

comprises a direction toward which the eye is looking; 

non-transitory memory configured to store the eye image; 

a display for providing virtual image information to the wearer of the HMD 

system based on the eye pose of the wearer in the eye image; and 

a hardware processor programmed to: 

receive the eye image from the image capture device; 

map a pupil in the eye image to an equivalent frontal view to provide a 

remapped eye image; 

identify an eye feature based at least partly on the remapped eye 

image; 

determine a pitch and a yaw of the eye based at least partly on the 

remapped eye image; 

determine a roll of the eye based at least partly on the eye feature in 

the remapped eye image; 

determine the eye pose of the eye based at least partly on the pitch, the 

yaw, and the roll; 

determine the virtual image information to be provided to the wearer 

of the HMD using the eye pose of the eye; and 

cause the display to provide the virtual image information to the 

wearer of the HMD system.  

2. The head mounted display system of claim 1, wherein to determine the roll of 

the eye, the hardware processor is programmed to determine a homography between the eye 

image and a reference eye image.  

3. The head mounted display system of claim 1 or claim 2, wherein to determine 

the roll of the eye, the hardware processor is programmed to utilize a polar coordinate 

representation of the eye image.  
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4. The head mounted display system of any one of the claims 1 to 3, wherein to 

determine the roll of the eye, the hardware processor is programmed to compare an iris code 

of the eye image to an iris code from a reference eye image.  

5. The head mounted display system of any one of the claims 1 to 4, wherein the 

hardware processor is further programmed to: 

determine biometric data of the eye using the eye pose of the eye image.  

6. The head mounted display system of any one of the claim 1 to 5, wherein the 

eye feature comprises an iris feature, wherein the iris feature comprises a texture, a pattern, 

or a keypoint in the iris.  

7. The head mounted display system of any one of claims 1-6, wherein the eye 

feature comprises a scleral feature, wherein the scleral feature comprises a blood vessel.  

8. The head mounted display system of any one of the claims 1 to 7, wherein the 

processor is further programmed to segment an iris of the eye in the eye image.  

9. The head mounted display system of any one of the claims 1 to 8, wherein the 

direction toward which the eye is looking comprises a direction toward which the eye is 

looking through the display.  

10. The head mounted display system of any one of the claims 1 to 9, wherein the 

hardware processor is programmed to map the pupil in the eye image to the equivalent 

frontal view to provide the remapped eye image based at least in part on one or more intrinsic 

parameters of the image capture device.  

11. The head mounted display system of any one of the claims 1 to 10, wherein 

the hardware processor is further programmed to identify one or more predicted areas of 

occlusion by an eyelid of the eye over an iris of the eye.  

12. The head mounted display system of claim 2, wherein the reference eye image 

comprises an image of the eye of the wearer of the HMD system in a resting eye state.  

13. The head mounted display system of claim 12, wherein the resting eye state of 

the eye of the wearer of the HMD system corresponds to a state in which the eye of the 

wearer of the HMD system is looking forward.  

14. The head mounted display system of any one of the claims 1 to 13, wherein 

the hardware processor is programmed to normalize a radial dimension extending from a 

pupillary boundary to a limbic boundary.  
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15. The head mounted display system of any one of the claims 1 to 14, wherein, 

the hardware processor is programmed to invert a homography computed from a limbic 

boundary to map the pupil in the eye image to an equivalent frontal view to provide the 

remapped eye image.  
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