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(57) Abstract: A system for facilitating binocular vertical display misalignment correc-
tion based on vergence angle is configurable to determine a vertical fusional amplitude
indicator associated with user operation of a stereoscopic display system, and, based on
the vertical fusional amplitude indicator, determine one or more correction application
attributes. The one or more correction application attributes indicate a manner of applying
one or more display misalignment correction operations to align presentation of content
in the stereoscopic display system. The system is also configurable to apply the one or
more display misalignment correction operations to align the presentation of the content
in the stereoscopic display system in accordance with the one or more correction appli-
cation attributes, thereby effectuating display misalignment correction in a manner that
mitigates user discomfort and/or user experience disruption.
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SYSTEMS AND METHODS FOR FACILITATING DISPLAY MISALIGNMENT
CORRECTION BASED ON VERGENCE ANGLE

BACKGROUND
Mixed-reality (MR} systems, including virtual-reality and augmented-reality systems, have
received significant attention because of their ability to create truly unique experiences for their
asers. For reference, conventional virtual-realily (VR) systems creale a completely immersive
experienece by restricting their users’ views to only a virtual environment. This 1s often achicved,
in VR systens, through the use of a head-mounied device (HMD) that completely blocks any view
of the real world. As a result, a user 18 enlirely immersed wilhin the virtual environment. In
contrast, conventional augmented-reality (AR ) systems create an augmented-reality experience by
visually presenting virtual objects that are placed in or that interact with the real world.
As used herein, VR and AR systems are described and referenced interchangeably. Unless stated
otherwise, the descriptions herein apply equally to all types of mixed-reality systems, which {as
detailed above) includes AR systems, VR reality syslems, and/or any other similar system capable
of displaying virtual objects,
MR systamns typically include separate display componenis configured for arrangement in front
of separate eves ol a user io facilitaie display of content to the user. The separate display
components usually display at feast partially different umages to enable the separate display
componenis to complement one another in facilifating a siercoscopic viewing esperience for the
user. Human vision systems fuse the different images displayed by the separate display
components and perceived by the user’s eyes, enabling the user to perceive the displayed content
as being positioned at desired depths/ocations within a mixed-reality scene,
However, stercoscopic misalignments often occur in MR systenis, where contert displaved via
the separate display components s not properly aligned. Stereoscopic misalignments can vesult
users perceiving the displayed content 1 an undesirable manner within the nuxed-reality scene,
For example, stereoscopic misalignments can cause users to nusperceive hologram or virtual
object size andfor location in space, which can degrade user expericnces {(e.g., gspecially in
experiences where users are meartt to interact with holograms). In some instances, when display
misalignments are large, human vision systems can fail to fuse the different display images,
resulting in users experiencing double vision. Stercoscopic misalignments can additionally or
afternatively result in visual strain, visual discomfort, and/or vestibular discomfort for users.
The subject matter claimed herein is not limited to embodiments that solve any disadvantages or
that operate only 1 environmenis such as those described above. Rather, this background is only

provided to illustrate one exemplary technology area where some embodiments deseribed herein
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may be pracliced.
BRIEF DESCRIPTION OF THE DRAWINGS
In order to describe the manner in which the above~recited and other advantages and features can
be obtained, a more particular description of the subject matter briefly described above will be
rendered by reference to specific embodiments which are illustrated in the appended drawings.
Understanding that these drawings depict only typical embodiments and are not therefore to be
considered to be himiting in scope, embodiments will be described and explained with additional
specificity and detaii throogh the use of the accompanying drawings in which:
Figure 1 illustrates example componenis of an example sysiem thal may include or be used to
mmpiement one or more disclosed embodiments;
Figure 2A illustrates a conceptual represemtation of display misalignments and correction
operations associated with a head-mounted display (HMD;
Figure 2B illustrates a conceptual depiction of vertical fusional amplitude indicators that can be
determined in association with operation of an HMD;
Figure 2C illustrates a concepiual representation of correction application attributes thal may be
determined based upon vertical fusional amplitude indicators associated with an HMD andfor a
type of display musalignment correction operation determined as benecficial for continued
operation of the HMD;
Figurg 2D iflustrates a conceptual representation of performing a display misalignment correction
operation based upon correction application attributes; and
Figures 3 and 4 itHustrate example flow diagrams depicting acts associated with facilitating display
misalignment correction based on vergence angle, in accordance with implementations of the
present disclosure.
DETAILED DESCRIPTION
Disclosed embodinments are generally directed to systems and methods for tacilitating display
misalignment correction based on vergence angle (e.g., for mixed reality devices),

Examples of Technical Benefits, lmprovements, and Practical Applications

Those skilled in the art will recognize, in view of the present disclosure, that at feast some of the
disclosed embodinents may be implemented to address various shortcomings associated with at
least some conventional approaches for addressing stereoscopic misalignment in display systens,
The following section oullines some example improvements and/or practical applications
provided by the disclosed embodiments. 1t will be appreciated, however, that the following are
examples only and that the embodiments described herein are in no way linnited to the example
iprovements discussed herein,

As noted above, stereoscopic display misalignments can cause various Gser exXperience issues in

I3
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display systems (e.g., MR HMDs). In some inslances, display misalignment is cagsed by physicat
and/or thermal deformations, which can arise alier production of devices and can change and/or
exacerbate over time. Various methods exist for detecting and correcting for display misalignment
on display devices in production. However, many existing techniques for addressing display
misafignments involve Instantly correcting for display misalignments upon detection of such
misalignments. Misaligmment cotrections can manifest 1o users as a change in the position of
holograms/virtual content. Such imumediate or abrupt nusalignment corrections can be disruptive
lo user experiences, even though such corrections atlempt te romove disruptions to user
experiences.

Disclosed embodiments include mwodifving the atiributes of misalignment corrections to be
performed based on vergence angle. Vertical fusional amplitudes (i.¢., the nagnitude of binocular
vertical offset/misalignment between two images beyond which fusion of the two images is not
attainable in human vision) are contingent on the horizontal vergence angle of the eyes. Horizontal
vergence eye movements refer to horizontal rotations of the eyes in opposite directions, When
looking at objects at near distances, the eyes rotale inwards. When looking at an object al far
distances, the eyes rotate outwards, The vergence angle refers o the angle between the lines of
sight of the two cyes at the point where they intersect in space (¢.g., on the object of focus). Large
vergence angles are associated with eye fixation on objecis at closer distances. Importanily,
vertical fusional amplitudes/ranges are also larger for eye fixation on near objects (e.g., for large
vergence angles) than for eve [xation on {ar objecis (e.g., for small vergence angles).

At least some disclosed embodiments leverage this coupling of vergence angle and vertical
fusional range to provide vertical display misalignment correction mwethods that consider
convergence angles between user eyes and virtual objects. The vergence angle may be estimated
using an eye tracker, based on the location of virtual objects in the space, and/or 1n other ways,
The vergence angle information about the distance at which the user is looking can be used to
determine when and/or how to correct for binocular vertical misalignments. As noted above, for
targer vergence angles (or for smaller fixation distances), the vertical [usional range of the user is
larger. For larger vertical fusional ranges, display misalignments can {ess fikely 1o fead to double
vision, Thus, when a large vergence angle {or small fixation distance) is detected, a system may
implement display misalignment corrections in a restrained (e.g., sfow) manner, which can prevent
the display misalignment corrections from disrupiing user experiences,

Vergence angle is inversely related {o the distance of the [ixated object from the observer (i.e., the
fixation distanee). The inflection point of this non-hincar relationship to fixation distance 1s often
at about 1m, wiih vergence angle rapidly increasing for tixation distances closer than about 1m

{variation across individuals exisis). ln some instances, when a user fixates an object that is closer
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than 1oy, a slow display misalignment correction can be applied 10 order to prevent interruption
of user experience. In contrast, because vertical fusional amplitades are smaller for smaller
vergence angle (e.g., for larger fixation distances), users can be more likely to experience double
vision and/or discomfort when display misalignments are present while the user focuses on distant
objects, Thus, in some instances, a fast display misalignment correction can be applied when a
user fixates an object that is {urther than Im front the user.
At least some disclosed iechniques involve determining a veriical fusional amplitude indicator
associaled with operation of a stercoscopic display system (e.g., an HMD) and predicating onc or
more correction application attributes on the vertical fusional amplitude indicator, The correction
application atiribute(s) indicate a manner of applving one or more display nusalignment correction
operation(s) to align presentation of content in the slereoscopic display system. The display
misalignment correction operation{s) are then apphed i accordance with the correction
application attribute(s),
Al least some disclosed embodiments may advantageousty tailor the application of a misalignment
operation Tor a display system 1o the use context ol the display systemn, such as the vergence angle
associaled with a user experience. Such functionality may provide systems that can
advantageously facilitate display misalignment correction i a manner that is less dispuptive to
user experiences and/or in a manner that improves user comfort. Thus, disclosed sysiems may, in
some instances, minimize or reduce the deleterious effects of display misalignment corrections.
Having just described some of the various high-level features and benelits of the disclosed
embodiments, attention will now be directed to Figures 1 through 4. These Figures illustrate
various conceptual representations, architectures, methods, and supporting ilustrations related to
the disclosed embodiments.

Example Svstems amd Technigues Tor Facilifating Display Misalienment Correction Based on

Vergence Angle

Figure 1 iltustrates various example conmpenents of a system 100 that may be used to implement
one or more disclosed enmtbodinients. For example, Figure 1 lustraies that a system 100 may
include processer(s) 102, storage 104, sensor(s) 110, inputioutput system(s) 114 (1’0 systemys)
114}, and comnuunication system(s) {16, Although Figure 1 iltustrates a system 100 as including
particufar contponents, one will appreciate, in view of the present disclosure, that a system 100
may comprise any muntber of additional or alternative components.

The processor(s) 102 nay comprise one or more seis of electronic cireuitries that include any
number of logic umis, registers, and/or controf units to facifitate the execution of computer-
readable instruciions (¢.g., instructions thal form a compuier program). Such computer-readable

mstruclions may be stored within storage 104, The storage 104 may comprise physical system
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memory amd may be volatile, non-volatite, or some combination thereof. Furlhermore, storage 104
may comprise local storage, remote storage (e.g., accessibie via communication sysiem(s) 116 or
otherwise), or some combination thercof. Additional details related to processors (e.g.,
processor(s) 102) and computer storage media (e.g., storage 104) will be provided hereinafier,

In some implementations, the processor(s) 102 may comprise or be configurable to execute any
combination of software and/or hardware components that are operable to facilitate processing
using machine learning models or other artificial intelligence-based siructuressarchifectures, For
cxample, processor(s) 102 may comprise and/or utilize hardware components or compuier-
execuiable fnstroctions operable to carry out function blocks and/or processing layers configared
in the form of, by way of non-linziting example, single-layer neural networks, feed forward neural
networks, radial basis function networks, deep feed-forward networks, recurrent neural networks,
long-short term memory (LSTM) networks, gated recurrent units, antoencoder neural networks,
variational autoencoders, denoising autoencoders, sparse autoencoders, Markov chains, Hopficld
neural networks, Boltzmann machine networks, restricled Bollzmann machine networks, deep
belief networks, deep convolutional networks (or convolational neural networks), deconvolutional
neural networks, deep convolutional inverse graphics networks, generative adversarial networks,
Liguid state machines, extreme learning machines, eche state networks, deep residual networks,
Kohonen networks, support vector machines, neural Turing machines, and/or others,

As will be described in more detaii, the processor(s) 162 may be configurad to exgeoute instructions
106 stored within storage 104 to perform certain actions associated wilh flacilitating display
misalignment corrections. The actions may rely at least in part on data 108 stored on storage 104
in & volatile or non-volatite nianner.

In some instances, the actions may rely at least in part on communication system(s) 116 for
receiving data from remote systemds) 118, which may include, for example, separate systems or
compuling devices, sensors, and/or others. The conimunications system(s) 1 16 may comprise any
combination of soflware or hardware components that are operable to factlitate commumication
between on-sysiem  components/devices and/or with off-syslem components/devices, For
example, the communications system(s) 116 may comprise ports, buses, or other physical
connection apparatuses for communicating with other devices’'components, Additionally, or
alternatively, the communications system(s) 116 may comprise systems/components operable to
communicate wirelessly with  external  systems  and/or  devices  through any  suitable
communication channel(s), such as, by way ol non-limiting example, Bluetooth, ultra~wideband,
WIELAN, infrared communication, and/or others.

Figure 1 ttustrates that a system 100 may comprise or be in communication with sensor(s) 110.

Sensor{s) 110 may comprise any deviee for capturing or measuring data representative of
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perceivable or detectable phenomena. By way of non-limiting example, the sensor(s) 110 may
comprise one or more image sensors, eye tracking sensors, depth sensors, nvicrophones,
thermometers, barometers, magneltometers, accelerometers, gyroscopes, andfor others.

Figure | iltustrates that the sensor(s) 110 may comprise inertial measurement unit{s) 112 (IMU(s)
112), which may include a combination of one or more accelerometers, gyroscopes, and/or
magnetometers, 1IMU{s) 112 may be used to track or obtain data indicating motion attributes of
the systen 108 (e.g., mnertial (racking data), such as 3 degrees of freedom (3DOF) pose data for
the system 100 (c.g., yaw, pitch, roll pose dala). In some instances, inertial tracking datla obtained
via IMU{s} 112 is combined with visual tracking data (which may be obiained based on imagery
captured utilizing one or more image sensors) 1o provide 6 degrees of freedom (6DOF) pose data
for the system: 100 (e.g., X, v, z, yaw, pitch, roll pose data), such as by performing simultancous
localization and mapping (SLAM).

Furthermore, Figure 1 illustrates that a system 100 may comprise or be in communication with
FO system{s) 114, FO system(s) 114 may include any type of input or output device such as, by
way of non-limiting exanple, a touch screen, a mouse, a keyboard, a controller, a speaker, and/or
others, without fimitation. For example, the I'O systemn(s) 114 may include a display system that
may comprise any number of display pancls, optics, laser scanning display assemblies, andfor
other conponents.

Figure | conceptually represents that the compenents of the system 100 may comprise or utilize
a head-mounted display 100A (HMD 100A). Alihough the present description focuses, 1 at least
some respeets, on utilizing an HMD to impiement techniques of the present disclosure, additional
or alternative types of systems niay be used,

The HMD 100A of Figure 1 includes separate display components for displaying images to the
user's left eye and right eye. In particular, Figure 1 depicts the HMD 100A as including display
132A contigured for displaying images to the user’s left eve and display 132B configured for
displaying mmages to the user’s right eye. The displays 132A and 1328 of Figure 1 may comprise
sartace rehel grating (SRG) displays contigured to out-couple light emitied by light source(s) 130
{e.g., laser scanming/projecting component s with microclectromechanical nurrors) and internally
reflected toward/through the displays 132A and 132B. Other types of display devices are within
the scope of the present disclosure (e.g., back-lit display panels such as LED displays, LCOS
displays, etc.).

The HMD 100A niay comprise one or more detectors 134A and 134B configured to detect at least
a portion of the light emitled by the light source(s) 130, For instance, the one or more detectors
134A and 1348 may be arranged to detect a lest portion of display imagery output by the light

source(s) 136, which may comprise a lest pattern/image. The test pattern/iniage as detected by the
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detector(s) 134A and 1348 may enable the HMD 100A to delermune whether stercoscopic
nisalignments exist in the ouipul of the light source(sy 130 (c.g., based upon distortions or
deviations in the detected test pattern/image from an expected form of the test patternfimage). The
HMD {00A may then determine appropriate misalignment correction operations o perform to
correct for the detected stercoscopic misalignment (e.g., transformations configured to correct for
the distortions/deviations detected in the test pattern/image as detected by the detector(s) 134A
and 1348}

Figure 2A illustrates an HMD 200 (worn by a user 200), which corresponds in at least some
respects to the HMD 100A discussed hereinabove with reference to Figure 1. For instance, the
HMD 200 may comprise detectors for detecting display nusalignment(s) 202 between two
displays for displaying content to separate eyes of a user (e.g., as discussed above). Based upon
the detected display misalignment{s) 202, the HMD 200 (or any system) may determine display
misalignment correction operation(s) 204 conligured {or correcting the display misalignment(s)
202 to restore or improve the user experience {e.g., by aligning the presentation of content as
between the two displays). The display misalignment corvection operation(s) 204 may comprise
various components, such as a yaw component, a pitch component, and/or a roil component. A
yaw component may comprise a correction conligared to address crrors tn the distance/depth of
displaved virtual objects. A piich component may comprise a correction conligured to address
errors in vertical positioning of displayed virtual objects. A roll component may comprise a
correction configured to address a combination of pitch and yaw musalignments based on the
eccentricity of displayed virtual objects about a center of the display.

As noted above, immediately applying display misalignment correction operation(s) 204 may
result in wser discomfort. For example, abrupt corrections to the position of holograms/virtual
objects can be disorienting, confusing, and/or unsafe for users, Accordingly, disclosed
embodinents are directed 1o systems thal enable application of display misalignment correction
operation(s) 204 in a manner that can reduce user discomifort throughout the application of such
correciions,

Figure 2B conceptually depicts the user 206 wearing the HMD 200 visually fixating on a virtual
object 208 {c.g., as part of a mixed-reality experience facilitated by the HMD 200}, Figure 2B also
conceptuaily depicts vertical fusional amplitude indicator(s) 216, The vertical fusional amplitude
indicator(s) 216 measure, approximate, or otherwise indicate the vertical fusional amplitude (or a
proxy theretor) of the user 206 as the user fixates on the virtual object 208. As noted above, the
vertical fusional amplitude is the range of vertical offsels/misalignments between images
displayed by the HMD 200 within which the hunan visual sysiem of the user 206 can still achieve

mmage fusion. As will be described in morve detail, the vertical [usional amplitude indicator(s) 216
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may be ulilized o wmfluence the manner of applying the display misalignment correction
operation{s} 204 to tmprove user comiort and/or avoid disruption of user experiences.

The vertical fusional amplitude indicator(s) 216 may take on various forms andior may be
obtained in various ways. For instance, as noted above, vergence angle is related to vertical
fusional amplitude, such that larger vergence angles are associated with larger vertical fusional
amplitudes, and smaller vergence angles are associated with smaller vertical fusional amplitudes,
Furthermore, fixation distance {(which (s negatively related to vergence angle) is related to vertical
tusional amplitude, such that larger fixation distances are associaled with smalier vertical fusional
amplitudes, and smaller fixation distances are associated with arger vertical fusional amplitudes.
Accordingly, the vertical Tusional amplitude indicator(s) 216 may take the form of and/or be based
upon vergence angle 212 and/or fixation distance 214, Figure 2B iHlustrates a [ixation point 210
on the virtual object 208, with lines extending from the eyes of the user 206 toward the fixation
point 210 to depict Hines of sight of the eyes of the user 206, Figure 2B depicts a vergence angle
212 between the lines of sight extending toward the fixation point 210. Figure 2B furthermore
depicts the fixation distance 214 between the fixation point 210 and the eves of the user 206, The
positioning, orientation, and/or other atiributes of the eyes of the user 206 may be measured via
cye tracking sensors {e.g., sensor{s) 110), which may be used to obtain the vergence angle 212
and/or the [ixation distance 214 for use as (or for use o obtan) the vertical [usional amplitude
mdicator(s) 216.

Other types of vertical fustonal amplitude indicator(s) 216 are within the scope of the present
disclosure. For example, pupil size and/or other atiributes (which may be delermined via eye
tracking sensors) may be indicative of the fixation distance (¢.g., with pupil size being negatively
refated to fixation distance, such that larger pupil sizes are associated with closer fixation
distances, and smaller pupil sizes are associated with further lixation distances). Pupil size may
therefore be utilized as an indicator of vergence angle (which, as noted above, is refated {o ihe
vertical fusional amplitude indicator(s) 216). Eve tracking data may be combined with other
information o determiine vergence angle and/or fixation distance. For tnstance, nertial tracking
data (e.g., obtained via IMU(s) 112) may be combined with eve tracking data for a single user eye
over time o provide a vergence angle between lines of sight for the single eye at different
limepoints. In some instances, fixation distance and/or vergence angle may be estimated without
eye tracking data, such as by utilizing location information associated with a user and virtual
objectls in a virtual environment {e.g., localization and mapping data, which may indicate user
positioning relative to virtual objects). Any method for estimating or deternnning what virtual
object(s) a user is focusing on {or expecied to be focusing on) may be ntilized {e.g., without eye

tracking) in accordance with the present disclosure {(e.g., by identifying virtual object(s) the user
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1s interacting with, lacing, ete.).
The vertical fusional amplifude indicator(s) 216 associated with the operation of the HMD 200
{or other system) may provide a basis for determining a manner in which o apply misalignment
cotrections to render the application of such misalignment corrections less disruptive fo user
experiences andior to mitigate user discontfort. Figure 2C illustrates correction application
attribute{s) 218, which may define a manner of applying the display nusalignment correction
operation{s} 204, The correction application aitribute(s) 218 may be determined based upon the
vertical fusional amplitude indicator{s} 216 and/or the display misalignment correction
operation(s) 204 to be performed (as indicated in Figure 2C by the arrows extending [rom the
vertical fusional amplitude indicator(s) 216 and the display musalignment correction operation(s)
204 to the correction application attribute(s) 218),
Correction application attribuie(s) 218 may comprise various components, such as correction
restraint 220, speed of correction 222, timing of correction 224, and/or others. In some instances,
correction restraint 220 may comprise whether application of display misalignment correction
operation{s) 204 should be substantially timmediate or unrestrained {¢.g., performed in a manner
that overrides or refrains from giving weight {o the vertical fusional amplitude indicator(s) 216)
or at least partially restrained (e.g., performed 1n a manner that accounts for andfor gives weight
to the veriical fusional amplitude indicator(s) 216). Correction restraint 220 may be determined
based upon the type of display misalignment correction operation{s) 204 to be performed for
display of content on the HMD 200. For instance, vertical disparities arising from misalignments
in pitch can be associated with extreme user discomfort, which can increase the desirability of
mmmediate performance of display misalignment correction operation{s) 204 with a substantial or
predoninant pitch component.
Thus, in sonwe instances, the HMD 200 (or any systent) is configured to selecl a correction restraint
220 that causes unrestrained application of the display misalignment correction operation{s) 204
when the display misalignment correclion operation(s) 204 inclode a pitch component that
satisfies one or more pitch thresholds (e.g., overriding or de-pricritizing how the vertical [usional
ampiitude indicator(s) 216 might otherwise influence the correction application attribute(s) 218,
as described below). Put differently, systemis may refrain [rom causing restrained application of
the display misalignment correction operation(s) 204 when the display misalignment correction
operation{s) 204 include a pitch component 2048 that satisfies one or more pitch thresholds.
In some instances, correction restraint 220 is additionally or alternatively influenced by the
vertical fusional amplitude indicator(s) 216, For inslance, where the {ixation distance 214 satisfies
a high fixation distance threshold {(e.g.. meeting or exceeding a [xation distance ol Im, or another

value), the correction restraint 220 may be selected to cause unrestrained {e.g., substantially
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munediate, or not artificially slowedidelayed) application of the display misalignment correction
operation{s} 204 (c.g., in some mnstances, regardiess of the type or character ol the display
misalignment correction operation{s) 204 to be applied). Similarty, for example, where the
vergence angle 212 satisfies a low vergence angle threshold {c.g., below a vergence angle
assoctated with a Im fixation distance, or another vatue), the correction restraint 220 may be
selected to cause unrestrained application of the display misalignment correction operation{s) 204,
In some implenmentations, systems are configured 10 enable restrained application of display
misalignment correction operation(s) 204 based upon the vertical fusional amplitude indicalos(s)
216 and/or the type or character of the display misalignment correction operation{s} 204 to be
performed. For exampie, as noted above, correction application ativibute(s) 218 may comprise
speed of correction 222 and/or timing of correction 224, The speed of correction 222 may define
the rapidity, rate, gradualness, or abrupitness at which the display misahignment correction
operation{s) 204 are applied o correct presentation of content on the HMD 200. A high speed of
correction 222 may cause changes to the hologram/virtual object position/presentation to appear
wnstantancous or quick {(e.g., presenting as a rapid shifi or transformation of the hologram/virtual
object), whereas a low speed of correction may cause changes to the hologranyvirtual object
position/presentation lo appear gradual or slow {e.g., presenting as a slow shift or transformation
of the hologram/virtual object}.

In some instances, the speed of correction 222 is selected based upen the vertical fusional
amplitude indicator(s} 216 associated with operation of the HMD 200. For example, the vergence
angle 212 and the speed of correction 222 may be negatively related, such that an increased speed
of correction 222 is selected responsive (o a detected low vergence angle 212, and a decreased
speed of correction 222 is selecled responsive to a detecled high vergence angle 212, High
vergence angles can result in farge vertical fusional amplitudes {or user human vision systenis,
providing an opportunity to perform gradual display musalignment corrections to avoid distupiing
user experiences (e.g., with jarring shifis in virtual objectl positioning). In contrast, low vergence
angles can result in small vertical fusional amplitudes for user human vision systems, which can
result in the inability of users to fusce musaligned images (e.g., causing user discomfort). In such
instances, systems may perform last display misalignment corrections to mitigate user discomfort,
Along these lines, the fixation distance 214 and the speed of correction 222 may be positively
refated, such that an increased speed of correction 222 is sclected responsive (o a detected high
fixation distance 214, and a decreased speed of correction 222 i selected responsive to a detected
low fixation distance 214, Small (ixation distances can result in large vertical fusional anplitudes
for user human vision systems, providing an opportunity to perform gradual display misalignment

corrections to avoid disrupting user experiences (e.g.. with jamring shifts i virtual objeet
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positioning}. In contrast, large fixation distances can result in small vertical (usional aniplitedes
for user human vision systems, which can resuit in the inability of users to fuse nusaligned images
{e.g., causing user discomfort). In such instances, systems may perform fast display misafignment
corrections to mitigate user discomlort,

The relationship between the speed of correction 222 and the vertical fusional amplitude
indicator(s} 216 {e.g., vergence angle 212, fixation distance 2 14, pupil size, andior others) may be
defined In any suitable manner, such as by a linear or other function, by a set of thresholds {(e.g.,
threshold vertical fusional amplitude indicator(s) 216 being associated with correspending,
respective speeds of correction 2223, ete.

Modifving the speed of correction 222 based upon the vertical fusional amplitude indicator(s) 216
may be beneficial for at least some types of display misalignment correction operation{s) 204. For
example, when the display misalignment correction operation(s) 204 include or are predominaied
by a vaw component {and/or when the pitch component is sufficiently small) and vertical fusional
amplitude indicator(s) 216 indicate a low vertical fusional amplitude, a low speed of correction
222 may be selected to prevent user distraction caused by abrupt changes to virtual object
presentation. In contrast, when the display misalignment correction operation{s) 204 include or
are predominated by a yaw component {and/or when the pitlch component 1s sufficiently smali)
and the vertical fusional amplitude indicator(s} 216 indicate a high vertical fusional amphitude, a
high speed of correction 222 may still be selected to aveid or reduce motion-related artifacts such
as swim or holograny/virtual object instability, thereby enable [ast-locking of holograms/virtual
objects.

It some instances, the speed of correction 222 is selectively modified on the basis of the vertical
fusional amplitude indicator(s) 216 as discussed above in response o delection that the display
misalignment correction operation{s) 204 includes a pitch component that fails to satisly one or
more pitch thresholds {e.g., a threshold for causing unrestrained or substantially tnmmediaie
application of the display misalignment correction operation(s)y 204). In at least some other
instances, such as where ihe pitch component satisfies the pitch threshold(s), a system overrides
the vertical fusional amplitude indicator(s} 216 when selecting the speed of correction 222 (c.g.,
to implement a fast correction, even when a high vertical fusional amplitude is indicated).

Pitch threshold(s) may encompass vertical display misalignments that exceed estintated vertical
fusional amplitude based on the vertical fusional amplitude indicator(s) 216, For example, a
system may compule vertical fusional amplitude based upon the vertical fusional amplitude
idicator(s) 216 and compare the computed vertical fusional amplitude to the vertical offset (2.g.,
piich component) associated with the display misahignment(s) 202 that the display misalignment

correction operation(s) 204 are intended lo correcl, In response to determining that the computed
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vertical fusional amplitude exceeds the vertical offset, a speed of correction 222 associated with
a slow correction may be implemented, whereas, in response to determining that the computed
vertical fusional amphitude fails to exceed the vertical offset, a speed of correction 222 associated
witlt & fast correction may be implemented.

In some instances, a system may selectively reframn from applying display misalignment
correction operation(s) 204 until threshold vertical Tusional amplitude indicator(s) 216 are
satistied. For example, when the display nusalignment correction operaiton(s) 204 omit a piich
component {or include a sufficiently low piich component), a system may abstain from applying
the display misalignment correction {e.g., thereby modilying the ttming of correclion 224) until a
threshold vertical fusional amplitude indicator is detected {or the systam (e.g., the HMI 200}
One will appreciate, in view of the present disclosure, that the vertical fusional amplitude
indicator(s) 216 and the nature or character of the display misalignment correction operation(s)
204 to be applied may be used individually or in combination to determine the correction
application atiribute(s) 218 that wifl be used to apply the display misalignment correction
operation{s) 204 to medify the dispiay of content on the HMD 200 (or other system). Furthermore,
one will appreciate, in view of the present disclosure, that any number of correction application
attribute(s) 218 may be determuned and/or used in various implementations of the disclosed
principles, For example, a correction restraint 220 may comprise an initially defermined atiribuie,
which, il selected to cnable restramned application of the display misalignment correction
operation{s} 204, may lead to selection of an appropriate speed of correction 222 and/or timing of
correction 224,

Figure 2D illustrates action block 230, which conceptually represents performing display
misafignment correction operation{(s) 204 in accordance with the correction application
attribute(s) 218 (e.n., represented by the arrows extending from the display misalignnient
correction operation(s) 204 and the correction application attribute(s) 218 to action block 230
Figure 2D). By utilizing dynamically determuned correction application attribute(s) 218 (e.g.,
based upon vertical fusional amplitude indicator(s} 216 and/or ihe nature or character of the
display misalignment correclion operation(s) 204 to be performed) to apply display misalignment
correction operation(s) 204, systems of the present disclosure may implement stercoscopic display
misalignment correction functionality in a manner that advantageously reduces or avoids
disruption to user experiences caused by the correction operations themselves.

Example Method(s)

The following discussion now refers lo a number of methods and method acts that may be
performed in accordance with the present disclosure, Although the meihod acts are discussed in a

certain order and illustrated in a flow chart as occurring in a particular order, no particular ordering
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1s required unless specifically stated, or required because an act is dependent on another act being
completed prior to the act being performed. One will appreciate that certain embodimenis of the
present disclosure may omit one or more of the acts described herein,
Figures 3 and 4 illustrate example flow diagrams 300 and 400, respectively, depicting acts
associated with facifitating display muisalignment correction based on vergence angle, In
accordance with implementations of the present disclosure,
Act 302 of {flow diagram 300 of Figure 3 includes determining a vertical fusional amplitude
indicator associated with user operation of a stereoscopic display system. Act 302 is performed,
in some instances, utilizing one or nore components of a systemy 100, such as processor(s} 102,
storage 104, sensor(s)y 110, 170 system(s) 114, communication systeni(s} 116, andior other
components, In some implementations, the vertical {usional amplitude indicator comprises a
vergenee angie or fixation distance based upon eye tracking data. In some instances, the vertical
fusional amplitude indicator is further based upon inertial tracking data. In some implenientations,
the vertical fusional amplitude indicator is based on location information associated with a user
and one or more virtual objects in a virtual environment.
Act 304 of flow diagram 300 includes, based on the wvertical fusional amplitude indicator,
determining one or more correction application attribuies, the one or more correction application
atiributes indicating a manner of applying one or move display nusalignment correction operations
to align presentation of content 1n the stercoscopic display system. Act 304 18 performed, w some
instances, utilizing one or more conmponents of a system 100, such as processor(s) 102, siorage
104, sensor(s) 110, FO systems) 114, communication systenx(s) 116, and/or other components,
In some implementations, the one or more correction application attributes comprise a speed of
correction. In some insiances, the vergence angle and the speed of correction are negatively
refated. In some instances, the fixation distance and the speed of correction are positively related,
In some implementations, deternyiming the vertical fusional amplitude indicator comprises {1}
determining whether the vergence angle satisfies one or more vergence angle thresholds or (i)
determining whether the fixation distance saiislies one or more fixation distance thresholds. In
some instances, deternyining the one or more correction application attributes comprises selecting
the speed of correction from a plurality of speeds of correction based upon (i) the one or more
vergence angle thresholds satisfied by the vergence angle or (ii) the one or more fixation distance
thresholds satisfied by the fixation distance. In some inplementations, the plurality of speeds of
correction and the one or more vergence angle thresholds are negatively related, In sonie instances,
the plurality of speeds of correction and the one or more fixation distance thresholds are positively
related.

In some implementations, determining the one or more correction apphication attributes is further
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based upon the one or more display misalignment correction operations te be applied. In some
instances, the one or more display nusalignment correction operations comprise a piich
component. In some implementations, in response to determining that the pitch component
satisfies one or more pitch thresholds, the one or more correction application attributes cause
unrestrained application of the one or more display niisalignment correction operations. In some
instances, in response o determining that the pitch component satisfies the one or more pitch
thresholds, the one or more correction application aittibutes refrain from causing resiramed
application of the one or more display misalignment correction operations based upon the vertical
fusional amplitude indicator. In some instances, in response to detormining that the pitch
component fais lo satisty one or more pitch thresholds, the one or more correction applicalion
attributes cause restrained application of the one or more display misalignment correction
operations based upon the vertical fosional amplitude indicator. In some instances, in response to
determining that the pitch component fails to satisfy one or more pitch thresholds, the one or more
correction application aitributes cause abslention of applying the one or more display
nusalignment correction operations until a vergenee angle indicated by the vertical fusional
amplitude indicator satisfies one or more vergence angle thresholds.

Act 306 of flow diagram 300 includes applying the one or more display nusalignment correction
operations to align the preseniation of the conient in the stercoscopic display system i accordance
with the one or more correclion application atiributes, thereby effectuating display misalignment
correction in a manner that mutigates user discomfort andfor user experience disruption. Act 306
iy performed, in some instances, utifizing one or more components of a system 100, such as
processoris) 102, storage 104, sensor(s) 110, FO systeny(s) 114, communication system{s) 116,
and/or other components.

Act 402 of flow diagran: 400 of Figure 4 includes determining one or more display misalignment
correction operations to be applied to align presentation of conient in a stereoscopic display
syslent Act 402 is perlormed, 1n somie instances, utilizing one or more components of a syslent
106}, such as processor(s) 102, storage 104, sensor(s) 110, KO system(s) 114, communication
system{s) 116, and/or other components.

Act 404 of flow diagram 400 includes determining a vertical fusional aniplitude indicator
associaled with user operation of the stereoscopic display system. Act 404 is performed, in some
mstances, utilizing one or more components of a system 100, such as processor(s) 102, storage
104, sensor{s) 110, VO system(s) 114, communication system(s) 116, and/or other components.
Act 406 of flow diagram 400 mcludes, based on the one or more display misalignment correction
operations and the vertical fusional amphitede indicator, delermining one or more correction

applicalien attributes, lthe one or more correction application attributes indicating a manner of
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applying the one or more display misalignment correction operations to align the presentation of
the content in the stereoscopic display system. Act 406 is performed, In some wsiances, ulilizing
one or more components of a system 100, such as processor(s) 102, storage 104, sensor{s) 110,
FO systemis) 114, communication systens) 116, andior other components. In some
mmplententations, the one or more display misalignment correction operations comprise a pitch
component. In some instances, in response to determining that the pitch conponent satisfies one
or more pitch thresholds, the one or more correction application atiribuies cause unresirained
application of lhe one or more display misalignment correction operations, regardless of a
vergence angle indicated by the vertical fusional amplitude indicator associated with operation of
the stereoscopic display systen,
Act 408 of flow diagram 400 includes applying the one or more display misalignment correction
operations to align the presentation of the content in the stercoscopic display system in accordance
witlt the one or more correction application atiributes, thereby effectuating display misalignment
correction in a manner that mitigates user discomfort and/or user experience disruption. Act 406
18 performed, 1n some mnstances, utihizing one or more componenis of a system [00, such as
processor(s) 102, storage 104, sensor(s) 110, IFO system(s) 114, conmmunication system(s) 116,
and/or other components.,

Addiiienal Deiails Related to Computing Systems

Disclosed embodiments may comprise or utilize a special purpose or general-purpose computer
including computer hardware, as discussed in greater defad below. Disclosed embodiments also
include physical and other computer-readable media [or carrying or storing computer-executable
mstructions and/or data structures, Such computer-readable media can be any available niedia that
can be accessed by a general-purpose or special-purpose computer system. Computer-readable
media that store computer-executable instructions in the form of data are one or more “physical
compuaier storage media” or “hardware storage device(s).” Computer-readable media that merely
carry computer-exccutable instructions withowt storing the computer-executable instructions are
“transmission media.” Thus, by way of example and not limutation, the current embodinients can
comprise at least two distinctly different kinds of computer-readable media: computer storage
media and transmission media.

Computer storage media (aka “hardware storage device™) are compuier-readable hardware storage
devices, such as RAM, ROM, EEPROM, CD~-ROM, solid state drives ("SSD7) that are based on
RAM, Flash memory, phase-change memory ("PCM™), or other types of memory, or other optical
disk storage, magnetic disk storage or other magnelic storage devices, or any other medium that
can be used to store desired program code means In hardware n the form of computer-executable

mstruclions, data, or data structures and that can be accessed by a general-purpose or special-
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purposg computer.
A “network™ is delined as one or mwore data hinks thal enable the fransport of elecironic daia
between computer systems and/or modules and/or other clectronie devices, When information is
transferred or provided over a network or another comnmunications connection {either hardwired,
wireless, or a combination of hardwired or wireless) to a computer, the compulter properly views
the connection as & transmission medium, Transmission media car include a network and/or data
tinks which can be used to carry program code in the forn of computer-executable msiractions or
data structures and which can be accessed by a general purpose or special purpose computer,
Combinations of the above are also included within ihe scope of computer-readable media.
Further, apon reaching various computer system components, program code means in the form of
computer-executable instructions or data structures can be transferred automatically [rom
transmission computer-readable media to physical computer~readable storage media (or vice
versa). For example, computer-executable instructions or data structures received over a network
or data fink can be buflered in RAM within a network interface module (e.g., a “NIC™), and then
eventually transferred to computer system RAM andior lo fess volatife computer-readable
physical storage media at a computer system. Thus, computer-readable physical storage media
can be included 1 computer sysieny componenis that also (or even primarily) otilize transmission
media.
Compuier-execulable instructions comprise, for example, instructions and data which cause a
general-purpose computer, special purpose computer, or special purpose processing device to
perform a certain function or group of functions. The computer-executable instructions may be,
for examyple, binaries, intermediate formal instructions such as assembly language, or even source
code. Afthough the subject matier has been desceribed in language specific fo structural features
ard/or methodological acts, it is to be understood that the subject matter delined i the appended
claimis 15 not necessarily limited to the described features or acls described above. Rather, the
described features and acts are disclosed as example forms of implementing the claims,
Disclosed embodiments may comprise or uitlize cloud computing. A cloud model can be
composed of various characteristics {e.g., on-demand self-service, broad network access, resource
pooling, rapid clasticity, measured service, ete.), service models {e.g., Software as a Service
("SaaS”), Platform as a Service (“PaaS™), Infrastructure as a Service (“laaS™), and deployment
models {¢.g., private cloud, comnmunity cloud, public cloud, hybrid cloud, ete.),
Those skilled in the art will appreciate that the invention may be practiced in network computing
environments with many types of computer syslen: configurations, mncluding, personal computers,
desktop computers, laptop computers, message processors, hand-held devices, mulii-processor

syslems, microprocessor-based or programmable consumer clectronics, network PCs,
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nunicompulers, mainframe computers, mobile telephones, PIDAs, pagers, routers, switches,
wearable devices, and the like. The invention may also be practiced In distributed system
environments where multipte computer systems (e.g., local and remote systems), which are linked
through a network {either by hardwired data links, wireless data links, or by a combination of
hardwired and wireless data links), perform tasks. In a distributed system environment, program
modules may be located in focal and/or remote memory storage devices,

Alternatively, or in addition, the functionality described herein can be performed, at least in part,
by ene or more hardware logic conmpenents. For example, and without limitation, tlustrative types
of hardware logic components that can be used include Field-programmable Gate Arrays
{FPGAs), Program-specific Integrated Circuits (ASICs), Application-specific Standard Products
{ASSPs), Systeni-on-a-chip systems (SOCs), Complex Programmable Logic Devices {CPLDs),
central processing units {CPUSs), graphics processing units (GPUSs), and/or others,

As used herein, the terms “exccutable module,” “executable component,” “component,”
“module,” or “engine” can refer to hardware processing units or to soflware objects, routines, or
methods that may be excculed on one or more computer systems. The different components,
modulfes, engines, and services described herein may be implemented as objects or processors that
execute on one or more computer systems (e.g., as separate threads).

One will also appreciaie how any feature or operation disclosed herein may be combined with any
one or combination of the other features and operations disclosed herein. Additionally, the content
or [eature in any one of the flgures may be combined or used in connection with any conient or
feature used in any of the other figures. In this regard, the content disclosed in any one figure s
not mutually exclusive and instead may be combinable with the content from any of the other
figures.

The present invention may be embodied in other specific forms without departing from its spirit
or characteristics. The described embodimenis are to be considered i all respects only as
tlustrative and not restrictive. The scope of the invention s, therefore, indicated by the appended
claims rather than by the loregoing descripiion. All changes which come within the meaning and

range of equivalency of the claims are to be embraced within their scope
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CLAIMS
A svsiem for facilitating display misalignment correction based on vergence angle,
COMPrising:
one of more processors; and
one or more hardware storage devices storing instructions that are executable by the one
or more processors to configure the system to:
determine a vertical fusional amplitude indicator associated with user operation of
a storeoscopic display system;
based on the vertical losional amplitude indicator, determine one or more
correction application atiributes, the one or mwre correction application
attribufes indicating a manner of applying one or more display misalignnient
correction operations to align presentation of conlent in the stereoscopic
display system; and
apply the one or more display misalignment correction operations to align the
presentation of the content in lhe stercoscopic display system in accordance
with the one or more correction application attributes, thereby effectuating
display nusalignment correction in a manner thal mitigates user disconfort
and/or aser experience disruption.
The system of claim {1, wherein the vertical fusional amplitade indicator conprises a vergence
angle or fixation distance based upon eve tracking data.
The system of ¢laim 2, wherein the vertical fusional amplitude indicator is further based upon
inertial tracking data.
The system of claim 1, wherein the vertical [usional amplitude indicator is based on location
information associated with a user and one or more virtual objects in a virtual environment,
The sysiem of claim 2, wherein the one or more correction application attributes comprise a
speed of correction.
The system of claimi 5, wherein the vergence angle and the speed of correction are negatively
related, or wherein the fixation distance and the speed of correction are positively related.
The system of claim 5, wherein determining the vertical fusional amplitude indicator
comprises (i) determining whether the vergence angle satisfies one or more vergence angle
thresholds or (i) determining whether the fixation distance satisfles one or more fixation
distance thresholds.
The system of claim 7, wherein detesmining the one or more correction application attribules
compriscs selecting the speed of corvection from a plurality of speeds of correction based upon

{1} the one or more vergence angle thresholds satisfied by the vergence angle or {it) the one or
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more fixation distance threshelds satisfied by the fixation distance.
The system of claim 8, wherein the plorality of speeds of correction and the one or more
vergence angle thresholds are negatively related, or wherein the plurality of speeds of
correction and the one or more fixation distance thresholds are positively related.
The system of claim 1, wherein the instructions are executable by the one or more processors
to configure the system to

determine the one or more display nusalignment correction operations to be applied to

align the presentation of the content in the stercoscopic display syslen.

The system of claim 10, wherein determuning the one or more correction application attributes

is turther based upon the ong or more display misalignment correction operations to be applied.

. The system of claim 11, wherein the one or more display misalignment correction operations

comprise a piteh component.

The system of claim 12, wherein, in response to determining that the pitch component satisfies
one or more pitch thresholds, the one or more correction application atiributes cause
unrestrained application ol the one or more display misalignment correction operations.

The system of claim 13, wherein, in response to determining that the pitch component satisfies
the one or more pitch thresholds, the one or mose correction application attributes refrain from
causing restrained application of the one or more display misalignment correction operations

based upon the vertical fusional amplitude 1ndicator.

. The systent of claim 12, wherein, in response o determining that the piich component fails to

satisfy one or more pitch thresholds, the one or more correclion application atiributes cause
restrained application of the one or more display miisalignment correction operations based

upon the vertical fusional amplitude indicator.
P
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