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(57) Abstract: Embodiments described herein relate to systems, devices,
and methods for use in the implementation of a brain-computer interface
that integrates real-time eye-movement tracking with brain activity track-
ing to present and update a user interface that is strategically designed for
high speed and accuracy of human -machine interaction. Embodiments de-
scribed herein also relate to the implementation of a hardware agnostic
brain-computer interface with specific user interface adaptations to enable
high-speed, intuitive, and accurate user manipulation of applications and/
or machines.
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BRAIN-COMPUTER INTERFACE WITH ADAPTATIONS FOR HIGH-SPEED,
ACCURATE, AND INTUITIVE USER INTERACTIONS

Cross-Reference to Related Applications
[0001] This application claims priority to and the benefit of U.S. Provisional Patent
Application Serial No. 62/585,209, entitled “Brain-Computer Interface with Adaptations for
High-Speed, Accurate, and Intuitive User Interactions,” filed November 13, 2017, the

disclosure of which is hereby incorporated by reference in its entirety.

Background
[0002] Embodiments described herein relate to systems, devices, and methods for use in
the implementation of a brain-computer interface that uses brain activity tracking to present
and update a user interface (UI) or a UX that is strategically designed for high speed and
accuracy of human — machine interaction, to mediate user manipulation of machines.
Embodiments described herein also relate to the implementation of a hardware agnostic brain-
computer interface that integrates eye-movement tracking and the analysis of neural activity to

mediate user manipulation of machines.

[0003] A brain-computer interface (BCI) is a hardware and software communications
system that permits brain activity alone to control computers or external devices with direct
communication pathways between a wired brain and the external device. BCIs have been
mainly designed as an assistive technology to provide access to operating machines and
applications directly from interpreting brain signals. One of the main goals of BCI development
is to provide communication capabilities to severely disabled people who are totally paralyzed
or ‘locked in” by neurological neuromuscular disorders, such as amyotrophic lateral sclerosis,
brainstem stroke, or spinal cord injury, for whom effective communication with others may be

extremely difficult.

[0004] Some known implementations of brain computer interfaces include spellers like the
one designed by Farwell and Donchin. In this speller, the 26 letters of the alphabet, together
with several other symbols and commands, are displayed on-screen in a 6 x 6 matrix with
randomly flashing rows and columns. The user focuses attention on the screen and concentrates
successively on the characters to be written, while the neural response of the brain is monitored

for signature neural brain signals. Once detected the signature brain signals allow the system
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to identify the desired symbol. The Farwell-Donchin speller allows people to spell at the rate

of about 2 characters per minute.

[0005] BCI systems can be designed to assist and enhance even physically able people to
operate computers or other data-processing machines and/or software applications without the
need for conventional input or output interfaces such as a mouse and a keyboard. BCIs may
also provide an interface for more intuitive and natural interaction with a computer than
conventional input methods. Additionally, BCIs can also be developed to serve many other
functions including augmenting, repairing as well as mapping and researching human and
animal cognitive and/or sensory motor systems and their functions. Some BCI applications
include word processors, adapted web browsers, brain control of a wheelchair or

neuroprostheses, and games, among others.

Summary
[0006] Systems, devices and methods are described herein for various embodiments of a
hardware-agnostic, integrated oculomotor-neural hybrid brain computer interface (BCI)
platform to track eye movements and brain activity to mediate real-time positioning of a user’s
gaze or attention and selection/activation of desired action. This disclosure presents an
integrated hybrid BCI system to address the need for Brain Computer Interfaces that operate

with high-speed and accuracy.

Brief Description of the Figures
[0007] FIG. 1 is a schematic illustration of a hybrid Brain Computer Interfacing system,

according to an embodiment.

[0008] FIG. 2 shows an illustration of the sequence of steps involved in an example
implementation of a pointing control feature and an action control feature to select/deselect a

stimulus icon, using an embodiment of the hybrid BCI Device.

[0009] FIGS. 3A and 3B show the Ul before and after user interaction. FIG. 3C shows the
user mounted with a video based eye-tracker and a neural recording headset, according to an

embodiment.

[0010] FIGS. 3D and 3E show example signals acquired by the video based eye-tracker

and the neural recording headset shown in FIG. 3C.
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[0011] FIG. 4 shows an example process of operation of a hybrid Brain Computer

Interfacing Device, according to an embodiment.

[0012] FIGS. 5 is a schematic illustration of a hybrid Brain Computer Interfacing Device,

according to an embodiment.

[0013] FIG. 6 shows an example Ul of a hybrid BCI system illustrating the identification

and tracking of a dynamic stimulus, according to an embodiment.

[0014] FIG. 7 shows an illustration of an example navigation control in a UI of a hybrid

BCI system, according to an embodiment.

[0015] FIG. 8A shows an example of image segmentation performed on a real-world image

captured by a hybrid BCI system, according to an embodiment.

[0016] FIG. 8B shows an example Ul populated with context - based control items from

processing a real-world image like that shown in FIG. 8A, according to an embodiment.

[0017] FIGS. 9A-9C show example Uls of a hybrid BCI system illustrating focus click-

through adaptations, according to an embodiment.

[0018] FIG. 10A illustrates an example UI of an example hybrid BCI system presenting a

user with a one-step selection process, according to an embodiment.

[0019] FIG.10B illustrates another mode of a UI presenting the user with a two-step
selection process implementing a pre-selection pooling adaptation, according to an

embodiment.

[0020] FIGS. 11A-11D show an example UI of a hybrid BCI system, illustrating the

implementation of a draggable marker adaptation, according to an embodiment.

[0021] FIGS. 12A-12H show illustrations of a UI of a hybrid BCI system, implementing

an example use of a draggable sticky marker, according to an embodiment.

[0022] FIG. 13A shows an example Ul implementing an adaptation for user interaction,

according to an embodiment.

[0023] FIG. 13B-13D illustrate the mechanism of implementing a UI adaptation of

selection activation, according to an embodiment.



WO 2019/094953 PCT/US2018/060797

Detailed Description
[0024] Embodiments described herein relate to systems, devices, and methods for use in
the implementation of a hybrid brain-computer interface (BCI) that integrates real-time eye-
movement tracking with brain activity tracking to present and update a Ul that is strategically
designed for high speed and accuracy of human — machine interaction. Embodiments described
herein also relate to the implementation of a hardware agnostic brain-computer interface that
uses real-time eye tracking and online analysis of neural brain signals to mediate user

manipulation of machines.

[0025] For BCI technology to be better suited for patients, useful to the general public, and
employed in the control of real-world tasks, the information transfer rate has to be improved to
meet a natural interactive pace, the error rate has to be reduced, and the complexity of the
interaction interface has to be minimized, compared to current implementations. Additionally,
BCI applications demand a high cognitive load from the users, thus the UI has to be improved
to move away from quiet laboratory environments into the real world. In order to configure
BCI devices and applications to be easier and more intuitive, there exists a need for improved
devices and techniques in the implementation of brain machine interfaces that operate with
high-speed and high accuracy to enable user mediated action selection through a natural

intuitive process.

A hybrid BCI system

[0026] As described herein, a BCI is a hardware and software communications system that
permits brain activity alone to control computers or external devices. A hybrid BCI system
includes a display of stimuli through an interface, a hardware apparatus to locate the point of
focus of a user on the interface, a device for recording and processing brain activity, and an
apparatus for effecting control of the interface, which may translate into control over the user’s
environment. These standard features can be characterized as (1) a pointing control feature, (2)
an action control feature, and (3) a Ul feature. The pointing control feature can be analogized
to a conventional pointing device like a mouse pointer that allows a user to narrow down to a
small set of one or more manipulators to control. The action control feature can be analogized
to a selection device, for example a mouse click or a key stroke on a keyboard, that allows the
user to implement an action to effect change to the Ul and in turn to a connected machine. The

UI feature in a hybrid BCI system can be analogized to an operating system that creates and
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maintains an environment that implements the pointing and action control features in addition

to other features like offering a selection menu, navigation controls, etc.

[0027] The action performed by the action control feature can be one of many and can be
adapted to suit various versions of Uls designed to control various devices or machines. To
name a few examples, the action can be an activation or a deactivation, a continuous or semi-
continuous change to the Ul (e.g., scrolling, hovering, pinching, zooming, titling, rotating,
swiping, etc.). The action can also effect an acute change to the UI with discrete starts and stops
like highlighting, etc. Some other examples of action control via a Ul can include a virtual
keyboard control, menu navigation, actions to place and unplace object or items, action to move
objects or items, expand and/or shrink objects, movement or navigation of a first-person
observer or player, changing perspectives of the observer, and actions like grabbing, picking

or hovering. Some of these aspects of action control are disclosed below.

[0028] In some embodiments of a hybrid BCI system described herein, the pointing control
feature and methods for identifying a user’s point of focus can include an eye-tracking device.
In some embodiments, the action control feature and methods for identifying the intent of the
user can include any suitable form of monitoring neural signals in the brain. This can include
any form of recording brain activity, for example, brain imaging methods like electrical, optical
or magnetic imaging. For example, in some embodiments, the hybrid BCI system can use
electrodes recording neural signals of brain activity, channeled through an amplifier and a
processor that convert the user’s brain signals to BCI commands. In some embodiments, the
hybrid BCI systems can implement sophisticated Uls that implement brain activity based
control of machines. Specific adaptations to one or more of these features can be implemented,
as described below, to achieve high speed and accuracy of human interaction with the hybrid
BCI system. For example, in some embodiments, the hybrid BCI system can be substantially
similar to those described in U.S. Patent Application No. 62/549,253, entitled, “Brain-computer
interface with high-speed eye tracking features,” filed August 25, 2017 (“the 253
application”); International Patent Application No. PCT/US2018/047598, entitled, “Brain-
computer interface with high-speed eye tracking features,” filed August 22, 2018, which claims
priority to the *253 application; and U.S. Patent Application No. 16/138,791, entitled, “Brain-
computer interface using high-speed and accurate tracking of user interactions,” filed
September 21, 2018. The disclosure(s) of each of these applications is incorporated herein by

reference in its entirety.
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[0029] FIG. 1 is a schematic illustration of a hybrid Brain Computer Interface system 100,
according to an embodiment. The example hybrid Brain Computer Interface system 100 (also
referred to herein as “hybrid BCI system” or “BCI system” or “system”) is an integrated
oculomotor-neural hybrid BCI system that includes an eye-tracker 102 (e.g., a video based eye-
tracker) and a neural recording headset 104 for recording one or more control signals of the
user’s brain. The hybrid BCI system can optionally also include an electromyograph (EMG) to
record EMG signals that can be integrated in with the oculomotor-neural hybrid. The video
based eye-tracker 102 can be configured to capture, record, and transmit oculomotor responses
of the eyes of a user 102 indicating the user’s point of focus at any time (i.e., the pointing
control feature). The neural recording headset 104 can be configured to capture, record and
transmit neural control signals from one or more brain regions indicating the user’s cognitive
intent (i.e., the action control feature). The neural control signals can be any form of neural
activity recorded through any suitable approach, for example, electroencephalography (EEG),
electrocorticography (ECoG) or magnetoencephalography (MEG), etc. Example forms of
neural activity include Event Related Potentials (ERPs), motor imagery, steady state visual
evoked potentials (SSVEPs), transitory visual evoked potentials (TVEPs), brain state
commands, visual evoked potentials (VEPs), evoked potentials like the P300 evoked potential,
sensory evoked potentials, motor evoked potentials, sensorimotor rthythms such as the mu
rhythm or beta rhythm, event related desynchronization (ERDs), event-related synchronization
(ERSs), slow cortical potentials (SCPs), etc. The example hybrid BCI system 100 also includes

a Brain-Computer Interfacing Device 110, and optionally an audio-visual display 106.

[0030] In some embodiments of the hybrid BCI system 100, the collected neural and
oculomotor data can be communicated to the Brain-Computer Interfacing Device 110 that
processes the signals as an ensemble along with data about what stimuli were presented. With
the combined information, the Brain-Computer interfacing Device 110 can detect relevant
signal features based on statistical models to predict the user’s intent. This predicted intent can
then be communicated to the user, via the Ul presented through the display106 for example,
and used to effect change in the Ul and in any connected controllable machine. Some
embodiments of the hybrid BCI system 100, can also include other peripheral sensors and
actuators (not shown in FIG. 1) to collect data about the users behavior thought other modalities

like sound, touch, orientation, etc. and to present a rich, multimodal, UX.



WO 2019/094953 PCT/US2018/060797

Eye tracking in two and three-dimensional space — The Pointing Control Feature

[0031] In some embodiments, the video based eye-tracker 102 can be used to determine
where a user is looking in their visual field by rapidly following the eye movements of the user
in a two or three-dimensional space. For example, provided the user has voluntary control of
their eye-movements, the video based eye tracer 102 can be used to determine which subspaces
in their visual field each of their eyes is “pointing to.” In other words, the video based eye-
tracker 102 can use the user’s eye-movement trajectories as a pointing control feature,
revealing significant information about the subject’s intent and behavior. In some
embodiments, aspects of where in the visual space their attention focused, what stimulus they
are focused upon, or what stimulus they responded to, can be used effectively in the BCI system
100. By simultaneously tracking the movement trajectories of both eyes with respect to each
other the video based eye-tracker 102 can also register the depth of focus of the user, thus

enabling pointing control in a three-dimensional space.

[0032] In some embodiments, the video based eye-tracker 102 relies on tracking the user’s
pupil and a first-surface corneal reflection (CR) of an illumination source with the use of a
head-mounted eye tracking video camera to image the user’s eye. The positional difference
between these two features can be used to determine the observer’s eye-in-head orientation.
Some example head mounted eye-tracking devices that can be used as the video based eye-
tracker 102 are available from SenseMotoric Instruments, Tobii Eye Tracking, and Pupil-labs
among other commercial vendors. In some embodiments, the video based eye-tracker 102 can
include one or more illumination sources illuminating the eyes of a user. The illumination
sources can be emitting light of any suitable wavelength and be mounted at any suitable
position. The illumination sources can be connected through wired or wireless communication

for function control and transmission of data, etc.

[0033] The video based eye-tracker 102 can include a left and a right eye camera
configured to simultaneously image the pupil and the corneal reflection of the one or more
illumination sources, from each eye. The cameras can be connected to each other, and can be
connected to an external device like the Brain-Computer Interfacing (BCI) Device 110 shown
in FIG.1, through a wired or wireless connection. The video based eye-tracker can also include
an additional scene camera that captures the user’s field of view. The signals from the scene
camera can also be relayed through wired or wireless communication methods to the external

device like the BCI Device 110.
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[0034] In some embodiments, the video based eye-tracker 102 can use a near infrared (IR)
illumination source that is optimally reflected by the iris and is invisible to humans so it does
not disturb or distract the user. The strong IR reflectance can yield high contrast images that
are particularly beneficial to pupil detection. In some embodiments, the video based eye-tracker
102 can use a collimated, far range light source whereby parallel rays are emitted from a distant
illumination source and collimated by optical components. In some embodiments, the video
based eye-tracker 102 can use a non-collimated near-source for illuminating the eye whereby
the illumination source is mounted at a finite distance (typically 50 mm or less) from the eye

and there is no optical component between the source and the eye to collimate the rays.

[0035] As described herein, the video based eye-tracker 102 utilizes the light reflected from
the eye, which is sensed by a video camera or some any other suitable optical sensor specially
designed for this use. The sensed light is then analyzed to extract eye rotation from changes in
reflections. In some embodiments, the video based eye-tracker 102 can use the corneal
reflection (i.e., the first Purkinje image) and the center of the pupil as features to track over
time. In some embodiments, the video based eye-tracker 102 can use reflections from the front
of the cornea (i.e., the first Purkinje image) and the back of the lens (i.e., the fourth Purkinje
image) as features to track eye movement in a more sensitive approach. In some embodiments,
the video based eye-tracker 102 can use even more sensitive methods of tracking by imaging
features inside the eye, such as, for example, the retinal blood vessels, and following the

movement of these features as the eye rotates.

[0036] In some embodiments, the video based eye-tracker 102 can include an integrated
display as described below. The video based eye-tracker 102 integrated with a display 106 can
be a system configured to view virtual reality space. In some embodiments, the video based
eye-tracker 102 integrated with a display 106 can be configured to view augmented reality
space. In other words, functioning to view the real-world as a pair of eye-glasses with the

addition of a superimposed Ul presented through the display 106.

Neural recording of brain signals - The Action Control Feature

[0037] The purpose of the hybrid BCI system 100 is to actively control external machines
by interpreting user intentions from monitoring cerebral activity. Central to this purpose are
brain signals that can be indicative of the user’s intent, making the brain signals an action
control feature. The hybrid BCI system 100 can use one or more of several signature brain

signals simultaneously evoked by or related to cognitive tasks performed by a user. Some of
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these brain signals can be decoded in ways that people may learn to modulate them at will.
Using these signals, regarded as control signals, can enable the hybrid BCI system 100 to

interpret the intentions of the user.

[0038] Neural activity of electrophysiological origin is generated by electro-chemical
transmitters exchanging information between the neurons. The neurons generate ionic currents
which flow within and across neuronal assemblies. The large variety of current pathways can
be simplified as a dipole conducting current from a source to a sink through the dendritic trunk.
These intracellular currents are known as primary currents. Conservation of electric charges
dictates that the primary currents are enclosed by extracellular current flows, which are known

as secondary currents.

[0039] The neural recording headset 104 can be adapted to record neural activity following
any suitable approach. Neural activity can be recorded either directly by electrically monitoring
the primary currents or by electrically recording the secondary currents. Additionally, the
neural activity can also be monitored through other methods like optical imaging (e.g.
functional magnetic resonance imaging, fMRI), by the recording optical changes that are
consequent to the primary currents. Other approaches to recording neural activity of the brain
that can be wused include electroencephalography (EEG), epidural and subdural
electrocorticography (ECoG), Functional Near-Infrared Imaging and other similar Intrinsic
Signal Imaging methods, magnetoencephalography (MEG), multi-electrode recordings, single-

neuron intracortical recordings, etc.

[0040] A variety of signature brain signals in the form of neural activity can be used as a
control signal used for implementing the action control feature. Some examples of neural
activity in time include Event Related Potentials (ERPs), motor imagery, steady state visual
evoked potentials (SSVEPs), transitory visual evoked potentials (TVEPs), brain state
commands, visual evoked potentials (VEPs), evoked potentials such as the P300 evoked
potential, sensory evoked potentials, motor evoked potentials, sensorimotor rhythms such as
the mu rhythm or beta rhythm, event related desynchronization (ERDs), event-related
synchronization (ERSs), slow cortical potentials (SCPs), etc., and other, as yet undiscovered,
signature activity potentials underlying various cognitive or sensorimotor tasks. Neural
activity can also be the frequency domain. Some examples among others include sensorimotor
rhythms, Event Related Spectral Perturbations (ERSPs), specific signal frequency bands like
Theta, Gamma or Mu rhythms etc.
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[0041] As described herein, the neural recording headset 104 can record neural activity
signals to gather information on user intentions through a recording stage that measures brain
activity and translates the information into tractable electrical signals that can be converted into
commands. In some embodiments, the neural recording headset 104 can be configured to
record electrophysiological activity through electroencephalography (EEG) which has a high
temporal resolution, low cost of set-up and maintenance, high portability, and is non-invasive
to users. The neural recording headset 104 can include a set of electrodes having sensors that
acquire electroencephalography signals from different brain areas. These sensors can measure
electrical signals caused by the flow of electric currents during synaptic excitations of the
dendrites in the neurons thereby relaying the effects of secondary currents. The neural signals
can be recorded through the electrodes in the neural recording headset 104 appropriately
arranged over desired brain areas when placed over the scalp of a user. Example neural
recording headset may be available from commercial vendors like Biosemi, Wearable Sensing

and G.Tec among others.

[0042] In some embodiments, the neural recording headset 104 can include electrodes,
amplifiers, A/D converter, and a recording device. In some embodiments, the electrodes on the
neural recording headset 104 can acquire the signal from the scalp and the amplifiers can
magnify the analog signals to enlarge the amplitude of the neural signals. The neural recording
headset 104 can be configured to have an appropriate number of signal acquisition channels to
suit the number of electrodes. In some embodiments, the one or more electrodes arranged in
the neural recording headset 104 can be connected to components like amplifiers, A/D
convertors, and one or more recording devices to store signals from each electrode. In some
embodiments, these components can be housed in the neural recording headset 104. In some
embodiments, only the immediate signal amplification can be carried out in the neural
recording headset 104 and the other processes like A/D conversion and recording can be carried
out after transferring the signal to B-C Integrating Device 110. Signal transfer from the neural

recording headset 104 can be configured through wired or wireless communication channels.

[0043] In some embodiments, the electrodes on the neural recording headset 104 can be
arranged to be placed over the scalp based on the commonly followed International 10-20
system, standardized by the American Electroencephalographic Society. The 10-20 system
uses two reference points on the head to define the electrode location. One of these reference
points is the nasion, located at the top of the nose at the same level as the eyes. The other

reference point is the inion, which is found in the bony lump at the base of the skull. The

10
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transverse and median planes divide the skull from these two points. In some other
embodiments, the electrodes on the neural recording headset 104 can be arranged following
any other suitable system. For example a 10-5 system or a custom electrode placement system.
In some embodiments, the electrodes on the neural recording headset 104 can be placed
symmetrically on the left and right sides of the head. In other embodiments, the electrodes can
be placed asymmetrically on the left and right sides of the head. In other embodiments, the
electrodes can be placed in specific parts of the head, for instance, around the top of the head,
around the back of the head, around the ears, around the side of the head, or combinations

thereof.

[0044] A neural signal is measured as the potential difference over time between an active
electrode (also referred to as a signal electrode) and a reference electrode. In some
embodiments, a third electrode, known as the ground electrode, can be used to measure the
differential voltage between the active and the reference electrodes. In some embodiments, the
neural recording headset 104 can include one or more active electrodes, one or more reference
electrodes, and one ground electrode. In some embodiments, the neural recording headset 104
can include a few as seven active electrodes. In some embodiments, the neural recording
headset can include up to 128 or 256 active electrodes. The electrodes can be made of silver
chloride (AgCl) or any other suitable material. The electrodes can be configured so that the
electrode-scalp contact impedance can be appropriately adjusted to record an accurate signal.
In some embodiments, the neural recording headset 104 can have two or more active electrodes
and fewer than 16 active electrodes, or in another embodiment, fewer than 12 active electrodes,

or in another embodiment, fewer than 8 active electrodes.

[0045] Neural signals recorded non-invasively, across the scalp of a user, have to cross the
scalp, skull, and many other layers which can make them weak and hard to acquire. Neural
signals can also be affected by background noise generated either within the brain or externally
over the scalp, which can impact the ability to extract meaningful information from the
recorded signals. Embodiments of the system 100 including the neural recording headset 104
can incorporate several adaptations to improve neural signal acquisition. For example, a gel
(i.e., a conductive gel) can be used to create a conductive path between the skin and each
electrode to reduce the impedance. In some embodiments, the neural recording headset 104 can
include “dry” electrodes that do not need the use of gels, which can be made with other
materials such as titanium and stainless-steel. In some embodiments, the neural recording

headset 104 can include dry active electrodes with pre-amplification circuits to accommodate

11
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the very high electrode/skin interfacial impedances. In some embodiments, the neural
recording headset 104 can include dry passive electrodes that do not have any active circuits,
but may be linked to a neural recording system configured with ultra-high input impedance.
The amplitude of electrical bio-signals is typically on the order of microvolts. Consequently,
the signal is very sensitive to electronic noise. In some embodiments, the BCI system 100 can
be designed to reduce the effects of the noise with adaptations such as electromagnetic

interference shielding or reduction for common mode signal, amongst others.

[0046] As described herein, the neural recording headset 104 can record neural activity
signals to gather information on user intentions. The neural activity can be any form of a control
signal indicating the user’s intent. One example control signal can in the form of so called
motor imagery signals. Motor imagery signals are neural activity signals associated with the
user undergoing the mental process of motor imagery. The mental process of motor imagery
involves a user rehearsing or simulating a particular action in their mind. For example, a user
may imagine or simulate in their mind a swiping action of pointing a finger and turning their
wrist. The motor imagery signals are brain signals recorded in the form of electrophysiological
neural activity by a neural recording headset 104 for example, while the user imagines the
action. The acquisition of motor imagery signals may or may not include actual motion by the

user as described below.

[0047] Several studies of neural function have demonstrated that motor imagery is
associated with the specific activation of the neural circuits involved in the early stage of motor
control (i.e., motor programming). Studies of neural activity measured during actual motion
and imagined motion indicate that motor imagery signals from imagined motion closely
approximate the neural signals evoked during actual motion at least in a subset of brain regions.
Some neural circuits include the supplementary motor area, the primary motor cortex, the
inferior parietal cortex, the basal ganglia, and the cerebellum among other brain regions.
Measurements of cardiac and respiratory activity during motor imagery and during actual
motor performance revealed a covariation of heart rate and pulmonary ventilation with the
degree of imagined effort. Thus motor imagery has been shown to activate motor pathways

similar to planned performance of actual motion.

[0048] Some embodiments of the hybrid BCI system 100 can use motor imagery to
implement the action control feature. For example, a hybrid BCI system 100 can be configured
to receive neural activity signals recorded via the neural recording headset 104 appropriately

arranged to collect neural activity data from brain regions known to contribute to motor
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imagery signals. The hybrid BCI system 100 can be used in either a trained fashion or in an
untrained fashion to detect the motor imagery signals corresponding to specific motor actions
imagined by the user. For example, the user may rehearse in a training session by performing
motor imagery along with actual motions to teach the hybrid BCI system 100 to recognize one
or more imagined gestures like swiping, pinching, zooming, and other simple or complex
movements of the user’s body. The hybrid BCI system can also use information gathered by
peripheral sensors 108 like goniometers and torsiometers to help recognize the gesture in high

detail during a training session or test session.

[0049] During operation (with or without training) motor imagery of specific gestures can
be configured to implement specific actions. For example, motor imagery of the pinching
gesture can be configured to implement a zoom out action in the UL The neural activity data
acquired from the neural recording headset can be analyzed for motor imagery signals and once
detected and classified appropriately the BCI Device 110 can implement that particular action
associated with the detected gesture on the desired portion of the UL For example, if motor
imagery signals corresponding to a pinching gesture is detected the UI can implement the
pointing control feature to identify the portion of the UI where the action is desired and then

implement the action control feature i.e. a zoom out effect on the desired portion.

Display and Presentation of the User Interface (Ul) / User Experience (UX)

[0050] As described herein, the Ul in the hybrid BCI system 100 functions as a link of
communication between the user (e.g., the user’s brain, eyes, etc.) and the BC Interfacing
Device 110, and enables a user to focus and point at specific stimuli through the pointing
control feature and select or deselect specific stimuli using the action control feature. The UI
can be a sequence of visually stimulating two dimensional images, presented via a display. The
UI can also be a rich mixture of stimuli in several modalities, together forming what can be
called a UX that also acts as an interface. A strategically designed UX includes a process of
presentation of stimuli to a user through any modality, some examples including visual stimuli,
auditory stimuli, haptic stimuli, vestibular stimuli, or combinations thereof. In some
embodiments, a Ul that presents visual stimuli can be rendered on a display like the display 106
shown in FIG.1. The stimuli of other modalities can be delivered though suitable peripheral

actuators (not shown in FIG. 1) also being a part of the hybrid BCI system 100.

[0051] In some embodiments, the display 106 can be a separate, stand-alone, audio-visual

display unit that can be connected and in data communication with the rest of the hybrid BCI
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system 100. That is, a stand-alone display (e.g., a liquid crystal display) equipped with an audio
system (e.g., speakers, or headphones) can be in two-way communication with one or more of
the other components of the hybrid BCI system 100, for example, the BC Interfacing Device
110, the video based eye-tracker 102, and the neural recording headset 104. In some
embodiments, the display 106 can be integrated into the video based eye-tracker 102 to be part
of the eye-glass area. The integrated video based eye-tracker 102 and display 106 can be
configured to view virtual reality space in the form of a UI presented on the display 106. In
some embodiments, the integrated video based eye-tracker 102 and display 106 can be
configured such that the display 106 is on a semi-transparent eye-glass area, allowing the user
to view augmented reality space. That is, the user can view the real-world through the semi-
transparent eye-glass area that is also the integrated display 106 presenting the user with a Ul

that he/she can interact with.

Peripheral Devices operating in Non-visual Modalities

[0052] In some embodiments, the hybrid BCI system 100 can include several peripheral
actuators 112 and sensors 108 shown as optional units in FIG. 1 (indicated by the dashed
boxes). The one or more peripheral actuators 112 can be configured to deliver a rich multi-
modal UX and the one or more peripheral sensors 108 can be configured to capture multimodal
input from the user and his/her environment, respectively. These peripheral actuators 112 and
sensors 108 can be suitably mounted either individually or by being incorporated into other
devices (like the video based eye-tracker 102). For example, the hybrid BCI system 100 can
include earphones to relay auditory stimuli and microphones to capture sounds like the user’s
voice commands. The earphones (auditory sensors) and the microphones (auditory actuators)
can be either stand-alone devices connected through wired or wireless channels to the hybrid
system 100. Alternatively, they can be mounted and integrated with the video based eye-tracker
102 or the neural recording headset 104. Similarly, peripheral sensors like accelerometers,
goniometers, torsiometers, can be included in the hybrid BCI system 100 to register body
movements. For example, goniometers can be used register limb movements forming gestures,
accelerometers can be used to register body movements. Peripheral sensors can also include a
visual field camera configure to capture the real-world visual field of the user. The signals
acquired by the visual field camera can be analyzed and used to generate and present the user
with an augmented or mixed reality experience having real-world imagery superimposed by

Uls with selectable options etc. Peripheral actuators that can be connected to a hybrid BCI
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system 100 can include haptic or kinesthetic devices that can apply and create forces like touch

and vibration enriching the UX presented.

The Brain-Computer Interfacing Device

[0053] In some embodiments, the Brain — Computer Interfacing Device (or BCI Device)
110 can be configured to accomplish three main functions. First, the BCI Device 110 can be
configured to generate a strategically designed Ul or UX. For example, the strategically
designed UX can be for a training session or for a testing session. In some embodiments, the
UX can be designed as a virtual reality environment and/or as an augmented reality
environment. In some embodiments, the UI can be tailored for specific needs such as, for
example, specific user history, reaction times, user preferences, etc. The BCI Device 110 can
account for all these requirements in the generation and updating of the U/UX. Second, in
addition to designing and generating the UI/UX, the BC Interfacing Device 110 can be
configured to receive the pointing control signal (e.g., from the video based eye-tracker 102)
and the action control signal (e.g., from the neural recording headset 104) and process the
signals as an ensemble to determine the user’s intent. Finally, the BCI Device 110 can be
configured to implement the pointing control feature and the action control feature by (1)
detecting meaningful features from the neural signals, and (2) implementing changes to the
stimuli being pointed to per the user’s intent. In some embodiments, the BCI Device 110 can
also be connected to other peripheral devices, for example, peripheral sensors and actuators
functioning in modalities other than the visual modality as mentioned above, that may be a part
of the hybrid BCI system 100. Such peripheral sensors may include audio microphones, haptic
sensors, accelerometers, goniometers etc., and peripheral actuators can include audio speakers,

haptic stimulus providers, etc.

[0054] In some embodiments, the BCI Device 110 can include an Input/Output Unit 140
configured to receive and send signals to and from the BCI Device 110 to one or more external
devices through wired or wireless communication channels. For example, the Input/Output
Unit 140 can receive signals from and send signals to the video based eye-tracker 102, the
neural recording headset 104, and the optional audio visual display 106 through one or more
data communication ports. The BCI Device 110 can also be configured to be able to connect
to remote servers (not shown in FIG. 1) and access databases or other suitable information
contained in remote servers. The BCI Device 110 can include a Communicator 180 configured

to handle suitable channels of communication adapting to the type of data to be transferred.
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The Communicator 180 can be connected to the I/O Unit 140 among other parts of the BCI
Device 110 and control the functions of the Input/Output Unit 140. The transfer of signals can
also be carried out through a wired connection like wired Ethernet, Serial, FireWire, or USB
connection, or wirelessly through any suitable communication channel like Bluetooth,

Nearfield communication, etc.

[0055] In some embodiments, the functions of the Input/Output Unit 140 in the BCI Device
110 can include several procedures like signal acquisition, signal preprocessing and/or signal
enhancement, etc. The acquired and/or pre-processed signal can be channeled to a processor
120 within the BC Interfacing Device 110. In some embodiments, the processor 120 and its
sub-components (not shown) can be configured to handle the incoming data, send and retrieve
data to and from a memory 160. The processor 120 can also be connected to the communicator

180 to access and avail information from remote servers (not shown in FIG. 1).

[0056] The processor 120 in the BCI Device 110 can be configured to carry out the
functions of building and maintaining a UI which can be rendered on the display 106 or on a
display integrated with the video based eye-tracker 102. In some embodiments, the processor
120 and its sub-components can be configured to carry out the functions needed to enable user-
specific interpretation of brain signals, and packaging output signals to the Input/Output Unit
140 to be relayed to external devices. Other functions of the processor 120 and its sub-
components can include several procedures like feature extraction, classification, and

manipulation of the control interface.

Pointing and Selecting an Option - Working of a hybrid BCI system

[0057] FIG. 2 shows, the working of a hybrid BCI system for one example instantiation of
a user focusing on and controlling the selection of an example input symbol. The illustrative
example sequence of operational events in FIG. 2 includes capturing the oculomotor signals
and the neural activity of one or more users during the presentation of a Ul or UX, interpreting
these signals to deduce the user’s intent, and effecting change in by controlling one or more
machines via the UL This example instance of working of the hybrid BCI system begins at the
presentation of an input stimulus (e.g. a symbol) at step 251 through a Ul 271. Upon
presentation of the stimulus, and following eye-movement and neural responses from the user,
in step 253 the hybrid BCI system acquires one or more oculomotor signals 275 (e.g., indicating
eye movements implementing the pointing control feature from a video based eye-tracker). In

step 253, the hybrid BCI system can also receive one or more neural activity signals 273 (e.g.,
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implementing the action control feature indicating the cognitive intent of the user from a neural
recording headset). This signal acquisition step 253 can include receiving signals from other
peripheral sensors and actuators as well as receiving information about stimulus presentation

indicated by the stimulus information 277 in FIG. 2.

[0058] Step 255 includes ensemble analysis of the acquired oculomotor signals 275 and
neural signals 273 which can be carried out in an integrated approach as disclosed below. The
ensemble analysis of signals from the video based eye-tracker, the neural recording headset
and other peripheral devices is performed in the context of stimulus information 277 (for
example, the spatiotemporal properties of the presented stimulus). Upon analysis, in the
decision step 257, the hybrid BCI system can estimate the user’s intent using information from
several sources, for example, the acquired signals, information about the stimulus being
presented through the UI 271, prior information about the user, context of usage of the UI 271
and the hybrid BCI system. The decision to act upon the user’s intent may be followed by any
suitable action. For example, a prediction to select or deselect the presented stimulus. The
estimation of user’s intent can be performed though one or more estimation methods using one
or more Machine Learning tools. The decision step 257 can use one or more criteria or
threshold to determine the user’s intent based any suitable threshold crossing algorithm. For
example, if the results of the estimation do cross the threshold criterion, the hybrid BCI system
can proceed to step 259A which involves selecting the stimulus or symbol presented in the UI
271 which may lead a suitable change to a connected machine. On the other hand, for example,
if at step 257 the estimated value does not cross the threshold criterion the hybrid BCI system
can proceed to step 259B which involves no selection of the stimulus or symbol in the interface

271.

User Interaction with the hybrid BCI system

[0059] FIGS. 3A-3E illustrates an example user interaction with the hybrid BCI system
100, according to an embodiment. In this example, the hybrid BCI system 100 is being used
to spell words in a two-step process, and the display 106 presents several a UI 371 sub-
groupings of characters (e.g., letters, numbers and symbols commonly found on a keyboard) in
FIG. 3A. The user wears a video based eye-tracker 102 and a neural recording headset 104,
shown in FIG. 3C. When the user focuses their gaze on a sub-group containing the desired
letter (e.g., the sub-group indicated by the highlighted circle in FIG. 3A), the UI 371 presented
in the display 106 changes to that shown in FIG. 3B where focused sub-group is magnified.
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The user can then perform the action of selecting a letter by focusing their gaze on the specific
desired letter in that sub-group. The action control feature is then implemented by using the
neural activity recorded to perform the selection of a letter to be used in forming a word or a

sentence.

[0060] The pointing control feature described above with reference to FIGS. 3A and 3B, is
implemented with the data acquired by the video based eye-tracker 102 shown in FIG. 3C. The
video based eye-tracker 102 can be configured to detect where the user is focusing their gaze,
and then output a signal as shown, for example, in FIG. 3D. Additionally or alternatively, the
video based eye-tracker 102 can be configured to detect where the user is not focusing their
gaze. The action control feature (i.e., activation of a stimulus or symbol) is implemented with
the data recorded by the neural recording headset 104 shown in FIG. 3C. The neural recording
headset 104 is configured to record neural signals from the user’s brain, and then output a
signal as shown, for example, in FIG. 3E. A processor (not shown) can then extract meaningful
features from the eye—tracking signal (FIG. 3D) and the neural signal (FIG. 3E) as an ensemble,
and analyze them either in an unsupervised and/or semi supervised manner or by classifying
the signals based on prior models built through rigorous training with each specific user. The
analyzed data can then be used to make predictions of user behavior such as the point of focus

of the user and/or the selection or activation of a symbol upon which focus is predicted.

Operating the hybrid BCI system

[0061] While the process sequence illustrated in FIG. 2 and the example pointing control
and action control implementation shown in FIGS. 3A-3E can be instantiated for an individual
stimulus, a similar process with a similar sequence of steps can be followed during the
presentation of virtual or augmented, multimodal, environments via a Ul or UX. As shown in
FIG.4 the process 400 can include a sequence of sub-steps that form a training session
(indicated as optional by a box with dashed lines) or can be used for presentation of novel

stimuli without any training data.

[0062] The example process 400 shown in FIG. 4 includes an initial step 401 of initiating
data acquisition and pre-processing for a particular user associated with a neural recording
headset and an eye-tracker (and other peripheral sensors and/or actuators) at a time-point. For
example, this initiation and signal acquisition can be carried out by components that are a part

of the processor in the BCI Device, in the hybrid BCI system.
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[0063] The process 400 can include a sub-set of steps (optionally used for training sessions,
indicated within the dashed box in FIG.4) for the purpose of generation of generation and
training of a statistical model. The sub-set of steps for the training session can include a step
403 of applying a training environment generated to present a user with a series of inputs to
record and store the user’s oculomotor and neural response for later use. The presentation of
the training environment can include a set of pre-determined, controlled stimuli presented in
step 405 and the ensuing eye movement and brain activity can be recorded in step 407. In step
409 the acquired responses can be paired with the known stimulus causing the responses and
fed into a model built through the pairing and association. The presentation of varied, but
controlled stimuli and collection of corresponding oculomotor and neural activity data can be
repeated for each set of oculomotor-neural responses as shown by step 419 for a sequence of
stimuli in one or more repeated presentations. The model generated from the association of
know stimuli and recorded oculomotor-neural responses can be updated with each set of new

stimulus-response pairs in the training set.

[0064] Either following a training session or without a training session a user can be
presented with stimuli through a Ul or UX following initiation of data acquisition in step 401.
This is shown in step 411 of the process 400. The step 411 can include the presentation of a
new environment containing one or more novel stimuli or accustomed stimuli which may be
associated with one or more of the preprogrammed stimuli presented during training. The
hybrid BCI system can either generate a new statistical model or use a pre-built statistical
model generated during training. Using the statistical model for analyzing the oculomotor and
neural activity responses of the user the hybrid BCI system can determine the user’s point of
focus (through the pointing control feature) in step 413 and estimate the user’s intent in step
417. Following which in step 417 the hybrid BCI system can implement the action control
feature by performing the action intended by the user (as determined by the analysis of the
neural activity data). For example, the step 417 can include selection of a letter in a speller, or
selection of a character in a game, or the selection of ON functionality associated with a TV

system that can be operated in an augmented reality system.

An example hybrid BCI system
[0065] FIG. 5 shows a hybrid BCI system 500 according to an embodiment. In some
embodiments, the BCI system 500 can be similar in structure and/or function to the

corresponding portions of the hybrid BCI system 100 described above with reference to FIG.
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1. For example, the BCI system 500 includes a video based eye-tracker 506, an neural recording
headset 504, an optional display 506, and a Brain-Computer Interfacing Device 510 that can
be the same or similar to the video based eye-tracker 106, the neural recording headset 104, the
optional display 106, and the Brain-Computer Interfacing Device 110 of the hybrid BCI system

100. Accordingly, such similar portions and/or aspects are not described in further detail herein.

[0066] In some embodiments, the Brain Computer Interfacing Device 510 can include an
I/O Unit 540, a Memory 560 and a Communicator 580, in addition to a Processor 520. These
components can be connected to each other through wired or wireless connections. The
processor 520 of the Brain-Computer Interfacing Device 510 can in turn include a
Synchronized Event Logger 522, a Signal Analyzer 524, a UI/UX Engine 526 and an
Architecture Developer 532, all units interconnected to each other and configured to access and

transfer information between each other.

[0067] The Synchronized Event Logger 522 can receive the acquired eye-tracking
oculomotor signals, the neural activity signals, and other incoming signals from various
peripheral devices, via an I/O unit 540. The Synchronized Event Logger 522 can timestamp
the signal data to be synchronous with each other and perform any pre-processing required for
further analysis. In some embodiments, the Synchronized Event Logger 522 can be configured

to perform high-speed eye movement detection and classification as described below.

[0068] In some embodiments, the Brain-Computer Interfacing Device 510 can include a
Signal Analyzer 524 that can be configured to implement ensemble estimation of attention
using disparate physiological signals as described in examples of the integrated approach
below. The Brain-Computer Interfacing Device 510 can also be configured to use
parallelization and asynchronous processing of separable components in the pipeline to ensure

performance on consumer-level personal computers.

[0069] In some embodiments, the processor 520 can include a UI/UX Engine 526 that is
configured to generate and present a training environment (in the case where a training session
is required rendered through the Ul The training environment can be configured to present a
user with a set of predetermined controlled stimuli and record the ensuing eye movement and/or
brain activity. This set of controlled stimuli and the evoked eye and brain activity
corresponding to each of the controlled stimuli can then be stored in a memory 560 and used
by the Signal Analyzer 524 as training data to build statistical models that are tailor made for

individual users. The Signal Analyzer 524 can use one or more statistical tools like
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dimensionality reduction methods, feature extraction methods, machine learning tools to build
classifiers etc. The Signal Analyzer 524 can also access and use information from remote
sources (e.g. remote servers, data bases, etc.) through a Communicator 580 that is part of the
BCI Device 510. The models can be built, tested and cross-validated using the training data
provided. The tested models can then be used by the Signal Analyzer 524 over new oculomotor
— and neural activity data acquired from that particular user to achieve a high accuracy and

speed of interaction with the UL

[0070] In some embodiments, the Signal Analyzer 524 in combination with the U/UX
Engine 526 can classify the data based on results from the statistical testing and generate a
prediction for user behavior using tools like maximum likelihood estimation, maximum a
posteriori estimation, etc. In some embodiments, the processor 520 can also include a
Architecture Developer 532 that receives the oculomotor and neural activity data as well as
data from the other sub-components of the processor 520 (e.g., the Signal Analyzer 524, the
UI/UX Engine 526, and from external remote sources through the Communicator 580). The
Architecture Developer 532 may not be intended for real-time use, but for robust statistical

analyses off-line towards prototyping potential BCI algorithmic detection architectures.

An Integrated approach to signal analysis

[0071] As described herein, the hybrid BCI systems 100, 500 can process oculomotor
signals in conjunction with neural activity signals, in addition to other appropriate signals, in
an integrated manner, to implement the pointing control and action control features of the BCI
system with high speed and accuracy. In some embodiments, the pointing control feature can
be implemented in a hybrid fashion using several sources of information. That is, the BC
Interfacing Device 110 (or 510) can be configured to process the integrated signals as an
ensemble. For example, in some embodiments, the video based eye-tracker 102 can be used to
detect any suitable form of eye movement information, for example, saccadic, foveation and/or
pupil dilation information, as well as foveation information, through oculomotor data
conveying movement of the eye muscles. Information about saccadic eye position can also be
indirectly obtained from neural activity, for example, ERPs that are evoked by visual responses,
acquired from the neural recording headset 104. For example, the hybrid BCI systems 100,500
can be configured to correlate the occurrence of ERPs with the presentation of a particular
stimulus in time and space to form a causal relationship. Indirect information about gaze

position can also be obtained from knowledge of the manner in which the stimulus was
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generated by UI/UX Engine and presented to the user. Thus, oculomotor data from the video
based eye-tracker 102 can be combined with data from visually evoked neural activity from
the neural recording headset 104, and the strategic presentation of stimuli in the UI delivered
through the display 506 before being analyzed by a Signal Analyzer 524. Additionally, in some
embodiments, the Signal Analyzer 524 can also include data from a theoretical model of gaze
kinematics or a biological model of the user’s eyes to inform the estimate of eye-position to
implement the pointing control feature. The models can include binocular vision parameters to

estimate depth of focus to enable pointing control in three-dimensional space.

[0072] An integrated hybrid approach to tracking pointing control allows a user to rapidly
select a target by voluntary movement of their eye-gaze, with the various signals from the video
based eye-tracker 102, the visually evoked neural activity from neural recording headset 104,
information about the properties of the stimulus presented, and data from the theoretical models
complementing each other in the information provided to locate gaze. The user visually fixes
attention on a target and the BC Interfacing Device 110 can identify the target through features
analysis of the combined package of signals informative about gaze. Notably, in the hybrid
BCI system 100, the signals in the combined package are analyzed as an ensemble, with

appropriate weighting for each signal source, by the BC Interfacing Device 110.

[0073] One of the advantages of using the integrated approach to implementing the
pointing control feature is that the eye position can be estimated very rapidly in real-time. The
integrated approach also allows most robust estimation as the video based eye-tracker 102 may
not be susceptible to the same noise sources as neural activity recorded through the neural
recording headset 104 and vice versa. Thus, one channel can compensate for the weaknesses
of the other. Furthermore, the approach of processing both data sets as an ensemble allows the
appropriate weighting of the individual signals according to other parameters like user history
and specific details of the interface navigated, etc. In addition the Signal Analyzer 524 can be
configured to implement a suitable analytical pipeline that uses: (1) suitable processing of the
signal through one or more filtration systems (e.g. a dual kalman filter, or any other lagless
filter), (2) a Bayesian linear discriminant system, (3) spatial filtering over the weighted signal
package, (4) a bagging ensemble classifier algorithm, and (5) a higher-order oracle algorithm
that incorporates information from the classification algorithm with program routines during

the experimental task, to improve selection accuracy.

[0074] The hybrid BCI systems 100, 500 also use an integrated approach to implementing

the action control feature. In some embodiments, for example, the Signal Analyzer 524 can
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combine neural activity data from the neural recording headset 504 with a statistical model
built from training data, or theoretical models of human cognition and oculomotor data from
the video based eye-tracker 502 (conveying brain states like attention from parameters like
pupil dilation etc.), and multimodal sensory data from various peripheral sensors. The Signal
Analyzer 524 can perform ensemble distance estimation and classification using a suitable suite
of machine learning tools and statistical classifiers to reduce the estimation to a simple value
or threshold crossing signal. This reduced signal can be then used to implement the action
control feature upon the symbol or stimulus of desire. To improve user experience, the hybrid
BCI systems 100, 500 can be tuned to optimize for speed, such that the implementation of the
action control occurs within 5 seconds, or within 4 seconds, or within 3 seconds, or within 2
seconds, or within 1 second, or within 0.9 seconds, or within 0.8 seconds, or within 0.7 seconds,
or within 0.6 seconds, or within 0.5 seconds. To improve user experience, the hybrid BCI
systems 100, 500 can be tuned to reduce or minimize a value of speed*accuracy%, such that
the implementation of the action control speed (in seconds) times the average accuracy of the
system (in %) is less than 5 (e.g., 10s * 50% accuracy), or y less than 4, or less than 3, less than
2, or less than 1.125 (e.g., 1.5s * 75% accuracy), or less than 1, or less than 0.9 (e.g., 1s * 90%
accuracy), or less than 0.8, or less than 0.7, or less than 0.6, or less than 0.5 (e.g. 0.6s * 83.33%

accuracy).

Adaptations in the Ul / UX

[0075] As described herein, the operation of the hybrid BCI systems 100, 500 includes a
Ul or UX that is central to the functioning of the hybrid BCI system. The UI or the UX acts as
a communicating link between the user (e.g., the user’s brain, eyes, etc.) and the BC Interfacing
Device 110, and enables a user to focus and point at specific stimuli through the pointing
control feature and select or deselect specific stimuli using the action control feature. In a
simple example, the Ul can be a sequence of visually stimulating two dimensional images,
presented via a display. Examples of Uls presenting visual stimuli as displayed on a display

(like the display 106) are shown in FIG. 2 (UI 271) and FIG. 3 (UI 371).

[0076] The UI can also be a rich mixture of stimuli in several modalities, together forming
what can be called a UX that also acts as an interface. A strategically designed UX includes a
process of presentation of stimuli to a user through any modality, some examples including
visual stimuli, auditory stimuli, haptic stimuli or vestibular stimuli. The UI or UX can be

designed and generated by the UI/UX Engine 526 of the system hybrid BCI systems 500. The
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UI/UX Engine 526 can operate in combination with the Signal Analyzer 524 updating the UX
presented with data output from the Signal Analyzer 524. For example, the UX can be updated

according to the estimated user intent thereby implementing the action control feature.

[0077] The UI/UX Engine 526 can also operate in combination with the Architecture
Developer 532 to generate and maintain an appropriate Ul or experience according to the
requirements of the users and the context of usage of the hybrid BCI system. The UI/UX Engine
526 can be configured to update the Ul in real-time based on feedback from the user or the
user’s environment through either the oculomotor signals recorded from the video based eye-
tracker 102 or the neural recording headset 104, or one more other peripheral devices which
may be sensors and actuators including an on-scene camera that may capture the immediate
environment. The UI/UX Engine 524 can also be configured to update the processor 520 in the
BCI Device 510 in accordance with the user feedback and the updated UI such that the BCI
Device 510 can support the background processing required to maintain the Ul and analyze the
incoming signals. For example, the UI/UX Engine 524 can supply stimulus properties to the
Signal Analyzer 524 for the ensemble estimation and implementation of the pointing control
and action control features. In some embodiments, the UI/UX Engine 526 can also switch
modes of processing in the Signal Analyzer 524, for example, if the Ul switches from a visual
modality to an audio-visual modality of interaction. Some example implementations of a Ul

are disclosed below.

Dynamic Stimuli

[0078] In some embodiments, the Ul can be configured to consist of not only static visual
images but a running sequence of visual images forming a video. The video can be a
synthetically generated sequence of images programed within the BCI Device 510 by the
UI/UX Engine 526 or obtained from a remote source though the Communicator 580 and
updated to suit the Ul desired. The synthetically generated or obtained video can be relayed to
the user through the display (106, 506). The video can also include a sequence of real-time
events occurring in the real world environment of the user, relayed to the user and copied to
the BCI device 510 through any suitable pair of glasses that include a visual-field camera
capturing the user’s field of view. In some embodiments, the eye-glasses and the visual field

camera can be incorporated on the video based eye-tracker 102.

[0079] In some embodiments, visual stimuli in the form of videos can be treated as dynamic

stimuli with moving targets. FIG. 6 shows an illustration of an example dynamic object moving
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through space. The BCI Device 510 can be configured to perform suitable image processing
routines to identify moving targets and track their dynamic movements through time and space
by analyzing the video (generated, obtained, or captured through the visual field camera).
During image processing, the BCI Device 510 can also be configured to perform searches and
access information from databases or repositories of image or video data held in remote servers
by establishing communication channels through the Communicator 580. The Signal Analyzer
524 and the UI/UX Engine 526 can operate in combination to carryout analytical routines like
image segmentation, contour detection, movement detection, etc. The BCI Device 510 can use
any suitable suite of statistical methods to identify and track the moving dynamic stimuli. It
can also incorporate prior knowledge of the user’s behavior or the context of the UI or UX

stored in the Memory 560 to help with identification and tracking of dynamic stimuli.

[0080] Once identified, the dynamic stimulus can be assigned a tag, as shown in the
example illustration of a UI 671 in FIG. 6. The tags To, T1 ... TS can be points in time each
designating a particular event associated with the dynamic stimulus. For example, To can
indicate the time point in which the dynamic stimulus appears and is detected first. Ts can
indicate the end of tracking of the stimulus before it disappears. Each tag and the associated
information can be stored as part of the stimulus information (e.g., stimulus information 677)
which can be used in several other analyses including ensemble estimation of eye position to
implement the pointing control feature or ensemble estimation of user intent to implement the
action control feature. For example, the object can be identified and tagged such that when the
user’s point of gaze is detected to pass over the tracked object in space and time, the tracked
dynamic object can flash (as indicated by the tag T4 in the example in FIG. 6). The user can
then use their thoughts to manipulate the object. That is, the simultaneously recorded neural
activity data having undergone ensemble processing can be used to determine the user’s intent
with regard to the dynamic object. If a signature neural activity (e.g., an ERP or a motor
imagery signal) is detected this may indicate the user’s desire to trigger an action associated
with that dynamic object. The action can be based on the properties of the dynamic stimulus as
well as the neural activity being recorded and analyzed. For example, the action can be a simple
selection to view a menu associated with the object or the action can a complicated maneuver
of the object by using motor imagery signals as disclosed in examples below. Any such
selection or triggered action resulting from the selection of the dynamic object at any instance

can also be stored as part of the stimulus information 677 for future use.
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Three-dimensional UX

[0081] The hybrid BCI systems 100, 500 and other embodiments described herein can be
configured to support a two dimensional or three-dimensional UI or UX in spatial dimensions.
As described herein, the UI or UX can be a completely virtual environment generated by the
UI/UX Engine 526. Or the UI/UX can be the real-world environment of the user relayed
through eye-glasses and superimposed with a UI that makes it an experience of augmented

reality for the user.

[0082] In some example implementations, the UI can be a simple system offering a set of
control tools in the form of menus and icons and implementing the pointing control feature and
the action control feature in two dimensional space or in three-dimensional space (i.e., utilizing
depth of vision). In some implementations, the Ul can also be a rich three-dimensional
experience with multimodal presentation a virtual (or augmented) space that can be navigated
by the user providing an experience similar to real world navigation. The UI can also include
combinations of these and various other types of stimulus presentations arranged appropriately

to suit the contextual requirement of the user.

[0083] The hybrid BCI systems 100, 500 can use properties of how the human visual
system processes depth in three dimensions to both generate the UX and to analyze the
oculomotor and neural signal during ensemble processing. For example, the human visual
system uses several cue to determine whether objects in the visual field are from different depth
of vision. One example property is partial occlusion. When one object is occluded by another
there is reasonable expectation of the occluded object to position behind the occluding object.
This can be used to generate three-dimensional space in the virtual environment. This property
can also be used when implementing the pointing control feature to accurately determine that
the user’s point of focus is on the object in full view and not the object being occluded from

vision.

[0084] Another example property is the relative size and shape of know objects as they
change with depth of vision. For example, if two objects have a known size and shape, and one
appears smaller than the other, it can be reasonably estimated that the smaller object is farther
in spatial distance from the observer than the larger object. This property also can be used to
render objects in varying sizes and in varying perspective views by the UI/UX Engine 526 to
generate a real three-dimensional virtual space. This property can also be used to accurately

determine the point of focus of the user.
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[0085] Additionally, the human visual system also uses information from binocular vision
relaying the relative movements of one eye with respect to the other and the depth of focus of
each eye to determine the position of objects in the real world, otherwise termed stereoscopic
eye tracking. The hybrid BCI systems 100, 500 can perform stereoscopic eye tracking and use
eye movement signals from both eyes collected by the video based eye-tracker 102, 502 and
use the signals to generate a binocular estimation of depth of focus. This binocular estimation
can be combined with other sources of depth information to accurately estimate the depth of

object in view of the user in real, virtual or augmented space.

Navigation Control

[0086] In some embodiments, the hybrid BCI systems 100, 500 can include the
presentation of a UX either in two or three-dimensional space that involves navigation. For
example, the UI can be configured to play a navigational game like Pacman or Quake. In other
instances, the Ul can be configured to navigate a user’s wheelchair in the real world. The
UI/UX Engine 526 can use context based information provided by the user, the BCI Device
110 (510), or from the user’s environment (relayed through a visual field camera) and generate
/ update the UI or UX presented with appropriate controls to mediate navigation. An example
illustration of a navigation control interface according to one embodiment is illustrated in FIG.

7.

[0087] In some embodiments, the hybrid BCI systems 100, 500 can present a user with
navigation control interface like that shown in FIG. 7, based on the context of the user’s
environment or explicit instruction from the user. The navigation control interface can provide
control over movement velocity and movement direction. For example the navigation control
interface can include a transparent overlay of concentric circles with each ring representing a
velocity zone. Each ring can also include symmetric outlay of symbols, for example arrows,
that can be activated or inactivated. The symbols or arrows can be configured to control
movement by starting and stopping selection of the associated velocity band. The angle and

position of each arrow can indicate the direction of movement.

[0088] In some embodiments, a navigation interface similar to the one disclosed above and
shown in FIG. 7, can be operated by implementing the pointing control feature and the action
control feature in combination. For example, the pointing control feature can be used to
determine the user desired arrow indicating the direction of movement. The action control

feature can be implemented to select that particular arrow of that particular velocity band. The
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hybrid BCI systems 100, 500 incorporating this navigation interface can be connected to
external navigation systems like electronically operated wheelchairs. In this case, the activation
of a particular arrow associated with a particular velocity band may result in the activation of
movement of wheels in the wheelchair to turn or move in the desired direction. Alternatively,
the hybrid BCI system 100, 500 can be presenting the user with a virtual environment that is
navigable. In this case, the activation of a particular arrow in a particular velocity band in the
navigation interface may allow the user to move in the virtual space presented according to the
velocity and direction dictated by the activation. In other words, the UI/UX Engine 526 may
modify the virtual environment presented to produce a perception of desired movement by the
user. The navigation interface can also include a channel for the user to provide feedback to
the navigation control system. The properties of usage of the navigation interface like duration
of user selection of the symbols, resulting movement and the user’s feedback can be stored as

stimulus information for future use, for example for a user specific calibration and setting.

Context Based Real-World Interaction

[0089] In some embodiments, the hybrid BCI systems 100, 500 can be used to allow user
interaction in an augmented or mixed reality space. That is, using the hybrid BCI system 100,
500, the real world may be relayed to the user through a pair of glasses that includes a visual
field camera, as one of the peripheral sensors 108, 508, configured to capture everything that
the user can see. For example, the eye-glasses and the visual field camera can be incorporated
as an integral part of the video based eye-tracker 102. The eye-glasses can be configured to be
integrated displays (e.g., liquid crystal displays) capable of presenting visual stimuli. Visual
images or videos can be projected in the integrated displays, suitably tailored for each eye to
simulate a three-dimensional space if required, allowing the user to experience augmented or
mixed reality. For example, the projected images can be control interfaces like menus and
buttons that can be activated or selected by implementing the pointing control and the action
control features. The projected images or videos can also be rich three-dimensional

environments generated to complement the real world imagery viewed by the user.

[0090] In some embodiments, the hybrid BCI systems 100, 500, can be configured to
process the captured video of the real-world environment viewed by the user through the visual
field camera. For example, the visual field camera (a peripheral device, 508) can record and
transmit the captured real-world imagery to the I/O Unit 540 of the BCI Device 510. The

Processor 520 in the BCI Device 510 can then time stamp and log the captured video via the

28



WO 2019/094953 PCT/US2018/060797

Synchronized Event Logger 522 and Analyze the captured video in the Signal Analyzer 524.
The Signal Analyzer 524 can carry out various image processing routines on the video,
including image segmentation, contour detection, motion detection, image identification, etc.
The Signal Analyzer 524 can use pre-obtained information stored in the memory 560 or can
also obtain additional information from remote sources via communication channels

established through the communicator 580, to help with the image processing routines.

[0091] FIG. 8A shows an example instance of a real world image captured by a visual field
camera using one embodiment of a hybrid BCI system. The example image in FIG. 8 A shows
an instance of a living room of a user. For example, the Signal Analyzer 524 can receive this
image in a video and segment this image into identifiable portions as highlighted in the example
in FIG. 8A. That is, the Signal Analyzer 524 can detect contours and identify individual items
like a television, a book shelf and two domestic cats. Further, the Signal Analyzer 524 can
access stored information about the user or additional information from remote sources (e.g.,
websites, databases, vendor catalogs, etc.) to identify the make and model of the television in
the captured video. Upon identification the Signal Analyzer 524 can determine a suitable mode
of communication with the specific device identified (e.g., television of a specific make and
model). Using the suitable communication channel of choice (e.g., Bluetooth, NFC, etc., which
may be predetermined by the vendor) the BCI Device 510 can connect with the identified

device (e.g., television) through the Communicator 580.

[0092] In some embodiments, the identification of and successful connection to a particular
controllable electronic component like a television can trigger the presentation of a context-
based UI that is suitable for the identified controllable electronic device. For example, upon
identification and connection to a television of a particular make and model the hybrid BCI
system 100, 500 can obtain the list of controllable features of the television. The UI/UX Engine
in the BCI Device 510 can then use the information about the device and the user to generate
a context-based, intuitive, Ul incorporating the list of available controls for the television,
including items like volume control, channel control, home theater control, etc. An example

UI for such a control of an example television is shown in FIG. 8B.

[0093] The context-based Ul may be presented as a two or three-dimensional space and
may contain symbols or icons that can be activated or inactivated through any suitable
modality. The hybrid BCI system 500 can then implement the pointing control feature to detect
the user’s focus on a particular controllable symbol for example an ‘increase volume’ icon.

Following which the hybrid BCI system 500 can use the neural activity recorded via a neural
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recording headset to implement the action control feature (e.g., activation of the increase
volume icon) on the UL This action on the context-based Ul can be communicated to the
television to effect change in the user’s experience of the television presentation (e.g., volume)

in the real-world.

Visible and Non-visible adaptation to UI/'UX for ease of interaction

[0094] In some embodiments, the hybrid BCI system 100, 500 can incorporate adaptations
in the generation of Ul or UX to enable ease of operation with high speed and high accuracy.
These adaptation may include visible properties of the Ul as presented to the user. The
adaptation can also include properties of the UI that not evidently visible but incorporated in
the generation and maintenance of the Ul or UX, and in how the pointing control and/or action

control features are implemented. Some of the adaptation are disclosed below.

Focus Click-through

[0095] In some embodiments, the hybrid BCI system 100, 500 can incorporate a three-
dimensional aspect to presenting actionable menus items to the user. There may be several
advantages to the presentation of actionable menus in three dimensions including the option of
presenting of well-sized menu items without the appearance of clutter. Three-dimensional
presentation of menu items can also be useful under conditions of limited available space for
the display or presentation of visual UI or UX, as in the case of presenting augmented or mixed

reality.

[0096] One example three-dimensional presentation in an example Ul is shown in FIG. 9.
The UI can include several options that can be selected to implement the action control feature
by the hybrid BCI system 500. The example illustrated in FIG, 9 includes panels containing
options 1 and 2. As disclosed above, the UI can be presented in three-dimensional space by
taking advantage of several properties that are used to detect depth of field by the human visual
system. As in the example presented in FIG. 9, the UI can modulate properties of brightness
and contrast to bring specific items in or out of focus. Additionally, the UI can also use
properties like occlusion of one object by another, or the perspective view of one object with

respect to another to create an effect of depth in the third dimension.

[0097] During implementation of the pointing control feature the hybrid BCI system 100,
500 can sequentially present the options 1 and 2 by bringing each option in focus. The desired

option can be determined by one or more method including monitoring oculomotor responses
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collected by the video based eye-tracker 102 to implement stereoscopic eye tracking, or
correlating neural activity collected by the neural recording headset 104 with the modifications
of focus depth of the options 1 and 2 in the Ul or a combination of the two. An integrated
approach of using a combination of both methods can enable faster detection leading to high-

speed user interactions while maintaining high accuracy of action selection.

Option Pool Pre-Selection

[0098] In some embodiments, the hybrid BCI systems 100, 500 can be used to operate
under conditions that have several actionable items. An example instance of a Ul 1071 is shown
in FIG. 10A containing six actionable items. Under certain conditions it may be suitable to
reduce the number of actionable items presented at a time in the UL This may also be to reduce
uncertainty in the determination of the point of focus of the user during the implementation of
the pointing control feature. It may also be to reduce uncertainty of the selected actionable item
during implementation of the action control feature. Additionally, in some embodiments of the
hybrid BCI systems 100, 500 the UI may be configured to flash the stimuli and correlate neural
activity collected concurrently through the neural recording headset 504 to additionally use this
correlational data to implement the selection of the actionable item. Under these conditions, it
may be desirable to minimize repeated flashing of stimuli to enhance UX. One strategy adopted
by the UI/UX Engine 524 under these requirements can be to strategically pool option items.
Thus, in the example illustrated in FIGS. 10A and 10B, instead of selection one in 6 potential
options in a one step process (shown in FIG. 10A) the Ul can be modified to operate in a two-
step process of selection. For example, in the first step, the Ul may be modified to pool options
1, 2, and 3 together to form a pooled, pre-selection option 1, and pool options 4, 5, and 6
together to form a pooled, pre-selection option 2. Thus the user may point to and select one of
two possible pre-selection options in the first step. Upon implementing the pointing control
and selection control features on the pre-selection options in this first step the UI can then
change to present the actual individual options contained in the pre-selection option 1 or the
pre-selection option 2, depending on whichever may be selected in the first step, as shown in
FIG. 10B. While this procedure may increase the number of steps involved in selection, the
process of pooling options into pre-selection pools may reduce the number of flashes of the
individual options. Additionally, the accuracy of selecting the correct option may increase due

to reduced uncertainty in both the first and second steps.
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Draggable Marker

[0099] The hybrid BCI system 100 or 500 can operate by using a visual aid (e.g., a cursor)
to indicate the current status of the pointing control feature. The cursor may be a symbol or a
marker whose properties (e.g., color, shape brightness, etc.) can be used to indicate the current
status of the system while implementing the pointing control and the action control features.
For example, the marker can be plain while pointing but be modified into a different color
signifying completion of implementation of the pointing control (i.e., selection of an option
presented in the UI). The marker can further be modified into a yet another shape or color to

signify the completion of implementing the action control feature (i.e., activation of an option).

[0100] In some embodiments of the hybrid BCI system 100, 500, the marker or cursor can
be simply moved by following the trajectory of eye movements registered by eye-tracking.
Thus, possible items that can be selected in the UI are items whose position on the Ul intersect
with the trajectory of the marker (following the trajectory of the user’s eyes). Selection may be
implemented by several methods including mere focusing, or a timed foveation on an object,

etc.

[0101] In some embodiments, the marker can be modified to not closely follow the
trajectory of the user’s eye but instead be a draggable, sticky marker. That is, in some
embodiments of the hybrid BCI system 100, 500, the Ul may be switched to an operating mode
that includes a sticky marker that can be dragged and dropped from one object or option to
another. FIG. 11A and 11B illustrate an example UI 1171 including a sticky marker 1181. In
the example shown, the user interacts with the UI 1171 by dragging the sticky marker 1181
from a home position at the center of the display and placing the sticky marker 1181 onto the
option to be selected 1179. For example, the UX presented in FIG. 11 may be a video game.
The user may want to pause the game while the game is in progress. This can be achieved by
using the sticky marker 1181. The user can ‘pick up’ the sticky marker 1181 from its home
position at the center of the display by foveating over to its home position. Then, by ‘dragging’
the sticky marker 1181, the user can foveate to the option to be selected, for example the ‘pause’
option indicated by the block icon 1179. By foveating to the option 1179 while dragging the
sticky marker the user can then ‘drop’ the sticky marker 1181 over the pause option 1179 as
shown in FIG. 11B. The sticky marker 1181 then sticks to the selected option 1179, completing

the implementation of the pointing control feature.

[0102] In embodiments of the hybrid BCI system operating in modes that use the sticky

marker 1181, any mere foveation or saccadic eye movement of the user without having ‘picked
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up’ the sticky marker 1181 will not have any effect of selecting or implementing the pointing
control feature. This can lead to reduction of spurious selections by stray gazes or stray
fixations by the user’s eyes. Additionally, the user will not be required to make foveations or
eye movements timed to be long enough to implement the pointing control feature which may
be required without the use of a sticky marker. Thus, the use of sticky markers can improve the
ease of user interaction with high-speed and accurate pointing and selection while not requiring

unnatural and/or disruptively long fixations by the user.

[0103] Another example of implementing a sticky marker, using an embodiment of the
hybrid BCI systems 100,500, is shown in FIGS. 12A-12H. Specifically, FIGS 12A-12H show
the sequence of events when using a sticky marker to select options. For example, in FIG 12A
the example UI 1271 shows four potential options A, B ,C and D 1279 and a sticky marker
1281 placed in its home position at the center of the screen. The UI 1271 also includes a sticky
grabber object 1285 that indicates the status the pointing control feature and aids in the process
of dragging the sticky marker 1281 as described below. The UI also includes a special option
1283 indicated by a symbol of a recycle bin. The interface 1271 is repeatedly presented in
FIGS.12B-12H indicating the sequence of changes resulting from user interaction during the

usage of the sticky marker 1281.

[0104] For example, in FIG. 12A the sticky marker 1281 is in the home position and the
sticky grabber 1285 is colored a first color (e.g., blue) and is empty. If the user desired to select
the option B, for example, the user begins by pointing his/her gaze at the sticky marker 1281
in the home position. This results in the sticky marker 1281 being grabbed by the sticky grabber
1285 as shown in FIG. 12B. Notably, there is not minimum fixation duration required for the
user to ‘pick up’ the sticky marker 1281. Just the mere passing of the user’s gaze over the home

position of the sticky marker 1281 can result in it being grabbed by the sticky grabber 1285.

[0105] Following grabbing the sticky marker 1281 onto the sticky grabber 1285 the user
can pass their gaze onto the option they want to select, for example option B. The mere crossing
of the user’s gaze onto an option can result in the marker being dragged onto that option, as
shown in FIG. 12C. The option does not get selected immediately. A timer 1287 that may or
may not be visible to the user can start as soon as the sticky marker 1281 is dragged onto an
option. The selection of the option can be realized once the timer 1287 times out after a preset

amount of time.
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[0106] However, if the user choses to select another option, for example option D, before
the timer 1287 times out, this can be done by the user passing their gaze on the option B with
the sticky marker 1281. This picks up the sticky marker 1281 back onto the sticky grabber 1285
as indicated by FIG. 12E. Following this the user can then pass their gaze onto the option to be
selected, for example option D, which results in the sticky marker 1281 being dragged onto the

option D, as shown in FIG. 12F.

[0107] If the user inadvertently picks up the sticky marker 1281 during some other action,
they can trash the sticky marker 1281 by glancing at the recycle bin icon 1283, as indicated bin
FIG. 12F. Similarly, if the user inadvertently drops the sticky marker 1281 onto an undesired
option they can null this selection by passing their back on the undesired option with the sticky

marker 1281 and then gaze at the recycle bin icon 1283.

Selection Activation

[0108] In some embodiments of the hybrid BCI systems 100, 500, the UI can be adapted

to provide a convenient mechanism for activating and / or deactivating specific important
symbols that may be central to operating the hybrid BCI system in that context. For example,
when a hybrid BCI system is used to run UI/UX interfaces controlling certain specific
applications or associated devices the Ul may contain an associated main symbol or icon that
upon selection can centrally control several aspects of that specific application or connected

device.

[0109] One example application can be a video based game that can be presented through
a Ul that is centrally controlled by a Core Icon. The Core Icon upon selection can bring up
several menus that control the game play, control inventory of the user during gameplay etc.
Thus the user can access these menus by selecting the Core Icon when required. Thus, the
constant presence of the Core Icon is desired during the use of the hybrid BCI system for game

play. However, the Core Icon may not be constantly needed during the game play.

[0110] In some embodiments, the constant requirement of a control icon, such as a Core
Icon, can be handled by placing the Core Icon somewhere on the displayed Ul in a location
that 1s non-obstructive to the primary environment, for example the game environment in this
case. As shown in an example UI 1371 in FIG. 13 A, the non-obstructively placed control icon
1379 can be an example Core Icon that is a small, semi-transparent “n”. FIG. 13A illustrates
how the example Core Icon 1379 may appear on a screen with the Ul 1371, under normal

circumstances of ongoing usage of the UI 1371.
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[0111] FIGS. 13B-13D show an example instantiation of the above mentioned Selection
Activation process through the Core Icon 1379 in the UI 1371. For example, during an ongoing
interaction with the UI 1371 the user may want to access the controls available through the
Core Icon 1379. The user may foveate towards the Core Icon 1379. Once the oculomotor eye
tracking signals are analyzed to indicate that the user’s gaze is fixated on or proximate to the
Core Icon 1379 (indicated in FIG. 13B), the UI 1371 can be modified to change the appearance
of the icon 1379. For example, the UI 1371 can change the appearance of the Core Icon 1379
from being semi-transparent into being solid and/or opaque. The solidified Core Icon 1379,
indicated by the solid, colored ‘n’ in FIG. 13C, can then be made to change the appearance
again. For example, this change in appearance (e.g. pulsing of the Core Icon 1379) can be used
to indicate that the Core Icon 1379 can now be selected if desired. If the user’s gaze moves
away from the Core Icon 1379 during the time period that the Core Icon 1379 changes in
appearance, the change in appearance can stop and the Core Icon 1379 can return to the
unchanged state, for example as indicated in FIG. 13A. In the operation of the Core Icon 1379,
the UI 1371 may or may not use Ghost Flashes, described below.

[0112] The UI 1371can employ invisible flashes or ghost flashes that can be used as a
fundamental UI tool by the processor 520 of a hybrid BCI system to detect relevant oculomotor
response or relevant neural activity associated with any stimulus presented. There can be
several different uses to employing ghost flashes in a controlled manner in a Ul For example,
ghost flashes can be employed to gauge user response to a flash of any visible stimulus. That
is, any concurrent oculomotor or neural response during a ghost flash can be used as a true
negative response. Such a true negative response can be used to set one or more thresholds that
have to be crossed for detection of a relevant, stimulus triggered, oculomotor or neural
response. Ghost flashes can be used in the implementation of the selection activation

adaptation of the Ul to distinguish a true selection from a spurious selection due to a stray gaze.

[0113] Icons or symbols displayed on the UI can be made available to be manipulated by
a user. And the availability of the icon or symbol can be indicated to the user via a temporary
or transient change in their appearance. The change in appearance can be suitably long and/or
salient such that the user may be alerted to register the change. Changes in appearance can be
implemented through altering any of several properties of an icon. For example, through
flashing by altering the brightness intensity, contrast, color, size, shape, position etc. The

change in appearance is described as a flash herein, as an example.
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[0114] In some embodiments, for example, each change of the Core Icon can be counted
as a “Tag change” (e.g. a tag flash) which can be a single change in appearance of an option
icon, for example 1379. A tag change can be a change in appearance (e.g. flashing, pulsing
etc.) tied to an icon or object displayed on the Ul (e.g. UI 1371). Several option icons can flash
together in groups called a flash group or a single option icon, like the Core Icon, can form a
flash group by itself. Ghost Flashes can occur between the slow pulses and/or flashes of the
Neurable icon in a portion of the Ul adjacent to the Core Icon. Ghost flashes can be configured
to occur either singly or in groups forming a flash group. The Ghost Flashes can be used to set
a selection threshold. When a oculomotor response and/or a neural activity response crosses
the threshold set by the ghost flashes, the UI 1371 can bring up a selection menu populated by
several selectable options, for example options 1379 indicated by A, B,C and D in FIG. 13D.
Following the presentation of the selection menu the user can select and trigger the action
associated with each selectable option by implementing the pointing control feature and the
action control feature described above. If eye tracking analysis determines that user gaze
position is no longer fixated around the selection menu area, the menu can be deactivated and

the transparent Core Icon can reappear.

Conclusion

[0115] In summary, systems and methods are described herein for use in the
implementation of an integrated hybrid Brain Computer Interface operable by a user in real-
time. The disclosed system includes an eye-movement tracking system to implement a pointing
control feature and a brain activity tracking system to implement an action control feature. Both
features are implemented through the presentation of a Ul strategically designed to enable high
speed and accurate operation. Additionally, the disclosed systems and methods are configured
to be hardware agnostic to implement a real-time hybrid BCI on any suitable platform to

mediate user manipulation of virtual, augmented or real environments.

[0116] While various embodiments have been described above, it should be understood
that they have been presented by way of example only, and not limitation. Where methods
described above indicate certain events occurring in certain order, the ordering of certain events
may be modified. Additionally, certain of the events may be performed concurrently in a

parallel process when possible, as well as performed sequentially as described above

[0117] Where schematics and/or embodiments described above indicate certain

components arranged in certain orientations or positions, the arrangement of components may
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be modified. While the embodiments have been particularly shown and described, it will be
understood that various changes in form and details may be made. Any portion of the apparatus
and/or methods described herein may be combined in any combination, except mutually
exclusive combinations. The embodiments described herein can include various combinations
and/or sub-combinations of the functions, components, and/or features of the different

embodiments described.
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CLAIMS

user;

An apparatus, comprising:
a display configured to present a control interface to a user;

an eye-tracking device configured to record eye-movement signals associated with the

a neural recording device configured to record neural signals associated with the user;

an interfacing device operatively coupled to the display, the eye-tracking device, and

the neural recording device, the interfacing device including:

a memory; and
a processor operatively coupled to the memory and configured to:

receive the eye-movement signals from the eye-tracking device and the
neural signals from the neural recording device;

generate and present a stimulus, via the control interface and to the
user, the stimulus including a set of control items associated with a set of
actions;

determine a point of focus of the user based on at least one of the eye-
movement signals and the neural signals, the point of focus being associated
with at least one control item from the set of control items;

determine, based on the point of focus and the at least one control item,
an action intended by the user; and

implement the action intended by the user.

The apparatus of claim 1, wherein:
the eye-tracking device includes an optical sensor,

the neural signals include electroencephalogram (EEG) signals including at least one

of a visually evoked potential, a sensory evoked potential, a motor imagery signal, an Event

Related Potential (ERP), a sensorimotor thythm, an event related desynchronization (ERD),

an event related synchronization (ERS), a slow cortical potential (SCP), and a brain state

dependent signal, and

the processor is further configured to integrate the eye-movement signals and the EEG

signals to determine the point of focus of the user.
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3. The apparatus of claim 1, wherein the display is configured to present the control

interface as a three-dimensional space.

4. The apparatus of claim 1, wherein the stimulus includes at least one of a visual

stimulus, an auditory stimulus, vestibular stimulus, and a haptic stimulus.

5. The apparatus of claim 1, wherein the set of control items associated with controlling

navigation through a virtual environment.

6. The apparatus of claim 5, wherein the set of control items include: a first subset of
control items associated with controlling a velocity of virtual movement of the user, and a
second subset of control items associated with controlling a direction of virtual movement of

the user.

7. The apparatus of claim 1, wherein the display is further configured to present a view
of a real-world environment and is configured to present the control interface over the view

of the real-world environment.

8. The apparatus of claim 1, wherein:
the set of control items is a first set of control items, the stimulus is a first stimulus,
the display is further configured to present a view of a real-world environment and is
configured to present the control interface over the view of the real-world environment, and
the processor is further configured to:
receive a set of images associated with the projected real-world environment;
analyze the set of images to identify at least one machine operatively
connected to the processor;
obtain information of a set of actions associated with the machine;
generate a second set of control items based on the information; and
present, via the control interface and to the user, a second stimulus including

the second set of control items.

9. A non-transitory processor-readable medium storing code representing instructions to

be executed by a processor, the instructions comprising code to cause the processor to:
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generate a control interface configured to be manipulated, by a user, to perform a set
of actions;

generate and present a stimulus, via the control interface and to the user, the stimulus
including a set of control items associated with a set of actions;

receive information from an eye-tracking device and information from a neural
recording device, the eye-tracking device and the neural recording device configured to
monitor behavior of the user;

determine, based on at least one of the information from the eye-tracking device and
the information from the neural recording device, a point of focus of the user;

identify at least one control item from the set of control items associated with the
point of focus of the user; and

determine, based on the at least one control item, an action intended by the user.

10.  The non-transitory processor-readable medium of claim 9, wherein the instructions

further comprising code to cause the processor to execute the action intended by the user.

11.  The non-transitory processor-readable medium of claim 9, wherein the instructions
further comprising code to cause the processor to:

present to the user an indication of the action intended by the user for confirmation by
the user; and

in response to receiving a signal representing a confirmation by the user, execute the

action intended by the user.

12. The non-transitory processor-readable medium of claim 9, wherein the information
received from the eye-tracking device includes eye-movement signals associated with the
user, and

the information received from the neural recording device includes neural signals
associated with the user, the neural signals including electroencephalogram (EEG) signals,
the EEG signals including at least one of a visually evoked potential, a sensory evoked
potential, a motor imagery signal, an Event Related Potential (ERP), a sensorimotor rhythm,
an event related desynchronization (ERD), an event related synchronization (ERS), a slow

cortical potential (SCP), and a brain state dependent signal, and
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the code to cause the processor to determine the point of focus includes code to cause
the processor to integrate the eye-movement signals and the EEG signals to determine the

point of focus of the user.

13.  The non-transitory processor-readable medium of claim 9, wherein the code to cause
the processor to present the stimulus includes code to cause the processor to present the set of

control items in a three dimensional virtual space defined by the control interface.

14.  The non-transitory processor-readable medium of claim 9, wherein the instructions
further comprise code to cause the processor to group the set of control items into a set of
groups, the code to cause the processor to present the stimulus includes code to cause the

processor to present the set of the control items as grouped in the set of groups.

15.  The non-transitory processor-readable medium of claim 9, wherein the set of control
items includes a draggable control item, the draggable control item configured to be
manipulated based on eye-movement signals associated with the user, the eye-movement

signals included in information received from the eye-tracking device.

16.  The non-transitory processor-readable medium of claim 9, wherein the at least one
control item is a first control item and the point of focus of the user is at a first time, the
instructions further comprising code to cause the processor to:

identify the first control item as a draggable control item, the draggable control item
configured to be manipulated based on eye-movement signals associated with the user and
included in the information received from the eye-tracking device;

determine a point of focus of the user at a second time after the first time;

move the draggable control item to a location associated with the point of focus of the
user at the second time;

identify a second control item associated with the point of focus of the user at the
second time, the second control item being different from the draggable control item;

determine, based on the second control item, the action intended by the user.

17.  The non-transitory processor-readable medium of claim 9, wherein the at least one

control item is a first control item and the point of focus of the user is at a first time,
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the set of control items including a set of sticky control items, the sticky control items
being configured to be manipulated based on eye-movement signals associated with the user,
the eye-movement signals included in the information received from the eye-tracking device,
the instructions further comprising code to cause the processor to:
provide a grabber object included in the control interface, the grabber object
being configured to manipulate the sticky control items;
identify the first control item as a sticky control item;
associate, based on the sticky control item being associated with the point of focus of
the user at the first time, the sticky control item with the grabber object;
determine a point of focus of the user at a second time after the first time,
identify a second control item associated with the point of focus of the user at the
second time, the second control item being different from the sticky control item;
dissociate the sticky control item from the grabber object and associate the sticky
control item with the second control item; and
determine, based on the association between the sticky control item and the second

control item, the action intended by the user.

18. A method, comprising:

presenting, to a user, at a first time period, a stimulus via an control interface, the
stimulus including control items associated with a set of actions;

receiving, from an eye-tracking device and a neural recording device, a first set of
inputs associated with behavior of the user at the first time period,

generating a first ensemble set of data based on the first set of inputs and information
associated with the stimulus presented at the first time period,;

receiving information associated with an action intended by the user at the first time
period,

training a statistical model to associate the first ensemble set of data with the action
intended by the user at the first time period;

presenting, to a user, at a second time period after the first time period, the stimulus
via the control interface;

receiving, from the eye-tracking device and the neural recording device, a second set
of inputs associated with behavior of the user at the second time period,;

generating a second ensemble set of data based on the second set of and information

associated with the stimulus presented at the second time period; and
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determining, using the statistical model and the second ensemble set of data, a

predicted action intended by the user at the second time period.

19. The method of claim 18, wherein the stimulus includes a dynamic visual stimulus, the
method further comprising:

detecting a movement of the dynamic visual stimulus;

tracking the movement of the dynamic visual stimulus;

tagging the dynamic visual stimulus;

identifying an event associated with the dynamic visual stimulus; and

modifying the control interface based on the event associated with the dynamic visual

stimulus.

20. The method of claim 18, further comprising:

extracting eye-movement signals from the inputs received from the eye-tracking
device;

extracting neural signals from the inputs received from the neural recording device,
the neural signals including electroencephalogram (EEG) signals, the EEG signals including
at least one of a visually evoked potential, a sensory evoked potential, a motor imagery
signal, an Event Related Potential (ERP), a sensorimotor rhythm, an event related
desynchronization (ERD), an event related synchronization (ERS), a slow cortical potential
(SCP), and a brain state dependent signal; and

integrating the eye-movement signals and the EEG signals to determine a point of

focus of the user.

21. The method of claim 18, wherein the presenting at the first time period includes
presenting a set of invisible control items via the control interface, the method further
comprising:

extracting a set of eye-movement signals from the first set of inputs received from the
eye-tracking device, the eye-movement signals indicating a point of focus of the user being
associated with the invisible control items,

the training the statistical model including using the set of eye-movement signals to

establish a set of true negative responses.
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22. The method of claim 21, further comprising:

extracting a set of eye-movement signals from the second set of inputs received from
the eye-tracking device, the eye-movement signals indicating the point of focus of the user at
the second time period;

comparing the eye-movement signals with the set of true negative responses; and

determining, based on the comparison, that the predicted action intended by the user

is a spurious action associated with a stray gaze.

44



PCT/US2018/060797

WO 2019/094953

1/14

| 21T Jolenjoy
| jeseydued |

1 "Old

| goriosues |
| jessydusgq |

08l
Jojeojunwiwio)

¥oL
}espesy O34

Z0] Joyoeus-ahs
peseq 08pIA

oor\>

— ocl
091

Kiowop 10Ss9004d
ovi

Hun o/l

011 @2l1AaQ buioepsiu|
Jayndwo)-uielg




PCT/US2018/060797

WO 2019/094953

2/14

<4--

¢ 9l
e

SNTNIWILS 9652
<4--- Q31NIOd NOILD3T13S
NO NOILJOV ON NOILOV

L1C

LlC

Glc

6/.¢

+ \ .\
N\ /#

IT19INISN3 TVNOIS
JOLONWOTNDO ANV
AVEN3IN IZATVYNY

SNTNWILS d31NIod
NO NOILOV WHO04483d

LN3LNI ¥3sn
3a103a

SIVNOIS
JOLONWOTNDO ANV
IYYN3N JHINDIOV

V6Sce JAT4 gGce
NOILDO313S NOILVIILS3E SISATVNY
NOILOV LN3LNI TVNOIS

€qc LGC
NOILISINDIV NOILVYLNISTdd
TVNOIS SNINNILS



3/14
WO 2019/094953 PCT/US2018/060797

106 FIG. 3A

371 371 FIG. 3B
N (O

379 379

SNz aipaN

To
FIG. 3D

104

To
FIG. 3E




4/14

WO 2019/094953

— S0p e M OrIZOME]

S S — Vertical

E s

™

g 0Or

ﬁg-;;

& OF

2 o=

5 -0

O  §

55 , Y ) .
20 40 &0 80
Time {(ms)

{a} Double saccadic pulse

FIG.

PCT/US2018/060797

20y

40
Time (ms)
{b) Single saccadic pulse

20

3D

annel for one stimuius

&0

80

{/ 373

EEG signal of one ¢h

target stimulus

non-target-stimulus

potential [uV]




WO 2019/094953

5/14

Initiate data acquisition in head-set and eye-tracker
(and other peripheral devices)
401

Apply training environment
403

PCT/US2018/060797

v/ 400

I

Present stimuli
405

415

v

Perform action intended by the user
417

Repeat for
l each distinct
neural
Record brain and eye-movement data as user response
follows pre-programmed instructions 419
407 X
Build model associating user thoughts/movements
with concurrent brain activity patterns 409
__________ T -—-——-——————————————-
Display or stream novel environment with novel
stimuli
411
Determine user’s point of focus
413
Apply user specific model to estimate intent from
brain activity data )\

FIG.



WO 2019/094953 PCT/US2018/060797
6/14

v/ 500

Brain-Computer Interfacing Device
510

Video based eye-
Processor 520 tracker 502

Synchronized Event

Logger 522 /0 Unit EEG headset 504
540

| Peripheral Sensor |

Signal Analyzer 524 L 208 JI

[ Memory

560

r— <. = - - =

UI/UX Engine 526 — Display 506 |

______ d

| Peripheral |

|  Actuator512 |

Communicator - —— 4

Architecture —

Developer 532 580




71714
WO 2019/094953 PCT/US2018/060797

Ty Object appears. motion noticed

T, Object Tracking. Dynamic Tag assigned/placed
1,: Tag flash on object

T,: Motion Continues

1, Tag flash on object

( Tx: End of object tracking

IS A

677

FIG. 6




8/14
WO 2019/094953 PCT/US2018/060797

FiG. 7



9/14

WO 2019/094953 PCT/US2018/060797
. | TV or Monitor |
Bookshelf |y ' | |
'\.\ I : | : : :
V= : Li- 1
!
|
! !
! !
! !
| I -l
' Domestic !
' Cat '
FIG. 8A
871\
T~ HOME

FIG. 8B



10/14
WO 2019/094953 PCT/US2018/060797

9ﬂ~\

979/-
N Option 1

FIG. 9A

979 AN

-}

FIG. 9B

N T T T T 77

v
v,

FIG. 9C

979

[N




WO 2019/094953

11714

PCT/US2018/060797

FIG. 10A

107177\
v

1079

ﬁ\?\ﬁ

\

FIG. 10B




12714

WO 2019/094953 PCT/US2018/060797
1171\ No %e;edcetion 1179 Grabs Marker
\ N
1181 1181 PN
/s // ™~

) e —] ., \\’EE:'

FIG. 11A FIG. 11B
Makes saccade
towards button
1171 with marker Menu is triggered
AN 1181
N\ -
P
N L/
L E
' Game
' Paused
‘|
1
1Y
‘|

FIG. 11C FIG. 11D



13/14
WO 2019/094953

PCT/US2018/060797

FIG. 12A MTZ\N 1 FIG. 12E
o / ’/
A BT |c] |D A S c D
1271
N Gaze 1287
r _»  F
12817565 l 1283 1281 (1385 1283
FIG. 12B FIG. 12F1281
AlLB] 1G] |P Al [e] [c] [#1]
_ Ny e O
12817 \ \ Mogs 11283
1285 1283
FIG. 12C FIG. 12G
4::> A 4$§ C D A B C g;’—_1281
1287 /\
Ny ,
12817 11}85 \ 1\1285 N1283
1283
FIG. 12D FIG. 12H
A C D A B C
1287 {
12817 1285 1281 1385 \1283

1283



14/14

PCT/US2018/060797

WO 2019/094953

ael ol }2 o

0} UInjay 1
® @ ‘nusll woJj Aeme |
6.€ r\\ @ SSAOUJ UolIeXI4 !

1
1
1
“
" Q) 0 eseld!
1

sieadde nuaw

O UoRo3as |
\"\ ® @  [eULON !

PoYO3I8S

LLEL @ =8__

Z eseyd _

m "mmm:
: 1
" “ "
“ W _____sesnd " !
e A 1 usemeq 1 .
|5L- 20! saysey Lo MO
e }S0U9 " "
' Buisind, m m
1 suibsq ! !
| ‘sayipijos C
" uo9)| | i
" | 9seyd "
LS

Vel mu_n_

7.-U0o| 9100

\
mmow
A

m/ gacl ‘ol

uoo|
a|qeinaN
0} seAow
uonexi

uonexi
azeo)
oA

0 8seyd

LEL




INTERNATIONAL SEARCH REPORT International application No,
PCT/US2018/060797

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO6F 3/01; A61B 5/04; GO6F 3/0485; GO6F 3/0487; GO6F 3/0488 (2018.01)

CPC - GOBF 3/015; A61B 5/0482; GO6F 3/013; GO6F 3/017 (2018.08)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

USPC - 345/8; 345/156; 345/157; 345/633; 348/78 (keyword delimited)

Electronic data basc consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2014/0347265 A1 (INTERAXON INC.) 27 November 2014 (27.11.2014) entire document 1-5,7,9-14
Y 6,15
A 8, 16-22
Y US 2012/0296476 A1 (CALE et al) 22 November 2012 (22.11.2012) entire document 6
Y US 2014/0247232 A1 (TOBII TECHNOLOGY AB) 04 September 2014 (04.09.2014) entire 15
document
A US 2017/0188933 A1 (THE REGENTS OF THE UNIVERSITY OF MICHIGAN) 06 July 2017 18-22
(06.07.2017) entire document
A US 2012/0019662 A1 (MALTZ) 26 January 2012 (26.01.2012) entire document 8
A US 2008/0228242 A1 (FINK et al) 18 September 2008 (18.09.2008) entire document 18-22
A US 2016/0235323 A1 (MINDMAZE SA) 18 August 2016 (18.08.2016) entire document 1.22
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T" later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international “X™ document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone

(S:ltegatlor::;zgh(sal; ;hgc?fl-:ggfa"on date of another citation or other “Y” document of particular relevance; the claimed invention cannot be

pe P considered to involve an inventive step when the document is

“O” document referring to an oral disclosure, use, exhibition or other coimbined with one or more other such documents, such combination
tedns being obvious to a person skilled in the art

“P™  document published prior to the international filing date but later than  «g» gocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
01 January 2019 2 2 J A \ 20]9
Name and mailing address of the ISA/US Authorized officer
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Blaine R. Copenheaver
P.O. Box 1450, Alexandria, VA 22313-1450
.. PCT Helpdesk: 571-272-4300
Facsimile No. 571-273-8300 PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - wo-search-report

