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protocol CircularBufferElementType {
static var zero: Self { get }
static func + (_ lhs: Self, _ rhs: Self) -> Self
static func / (_ lhs: Self, scalar: Float) -> Self
}

class CircularBuffer<T: CircularBufferElementType> {
private let size: Int
private let dequeueCount: Int
private var array: [T] = []

var average: T { array.reduce(.zero, +) / Float(array.count) }
var isFull: Bool { size == array.count }

init(size: Int = 30, dequeueCount: Int = 5) ({
self.size = size
self.dequeueCount = dequeueCount

}

static func + (_ buffer: CircularBuffer, _ value: T) {
if buffer.array.count > buffer.size {
buffer.array.removeFirst (buffer.dequeueCount)

}

buffer.array.append(value)

}
extension SCNVector3: CircularBufferElementType { }

class SightInteractionHandler {
private typealias InteractiveView = UIView & SightInteractable

private weak var view: UIView!

init(view: UIView) {
self . view = view

}

private var lastFocusedView: InteractiveView?
func processSightPoint(_ point: CGPoint) ({
guard let target = view.hitTest(point, with: nil) as?
InteractiveView else {
defocusIfNeeded ()
return

}

if target !'== lastFocusedView {
defocusIfNeeded()
}

let innerPoint = target.convert (point, from: view)
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target.handleSightFocus (at: innerPoint)
lastFocusedView = target

}

private lazy var eventHandler: (FaceExpressionEvent) -> Void =
throttle (delay: 1) { [weak self] event in
self?.commit (event)

}

func handleFaceExpressionEvent (_ event: FaceExpressionEvent) {
eventHandler (event)

}

private func commit(_ event: FaceExpressionEvent) {
guard event == .smile else { return }
guard let focusedView = lastFocusedView else { return }

if let control = focusedView as? UIControl {
control.sendActions (for: .touchUpInside)

}

private func defocusIfNeeded() ({
lastFocusedView?.handleSightDefocus ()
lastFocusedView = nil

}

extension SCNVector3: Hashable {
public func hash(into hasher: inout Hasher) ({
hasher.combine ("\ (x) ,\ (y),\(z)")
}
}

extension SCNVector3 {
func cgPoint (adjustScaleFactor: Bool = false) -> CGPoint {
if adjustScaleFactor ({
let scale = UIScreen.main.scale
return CGPoint (x: CGFloat(x) / scale, y: CGFloat(y) / scale)

}

return CGPoint(x: CGFloat(x), y: CGFloat(y))

}

extension SCNVector3: Equatable {
static var zero: SCNVector3 {
return SCNVector3Zero

}

var length: Float ({
return sqrtf(x * x + y *y + z * z)

}

var normalized: SCNVector3 {
return self / length

}
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func distance(to vector: SCNVector3) -> Float {
return (self - vector) .length

}

init(m: matrix float4x4) ({
self.init(m.columns.3.x, m.columns.3.y, m.columns.3.z)

}
}

public func == (lhs: SCNVector3, rhs: SCNVector3) -> Bool {
return lhs.x == rhs.x && lhs.y == rhs.y && lhs.z == rhs.z
}

public func * (vector: SCNVector3, scalar: Float) -> SCNVector3 {
return SCNVector3(vector.x * scalar, vector.y * scalar, vector.z *
scalar)

}

public func *= (vector: inout SCNVector3, scalar: Float) {
vector = vector * scalar

}

public func / (vector: SCNVector3, scalar: Float) -> SCNVector3 ({
return SCNVector3(vector.x / scalar, vector.y / scalar, vector.z /
scalar)

}

public func /= (vector: inout SCNVector3, scalar: Float) ({
vector = vector / scalar

}

public func + (1: SCNVector3, r: SCNVector3) -> SCNVector3 {
return SCNVector3(l.x + r.x, 1.y + r.y, 1.z + r.z)
}

public func += (1: inout SCNVector3, r: SCNVector3) {
l=1+r
}

public func - (1: SCNVector3, r: SCNVector3) -> SCNVector3 {
return SCNVector3(l.x - r.x, 1.y - r.y, 1.z - r.z)
}

public func -= (1: inout SCNVector3, r: SCNVector3) ({
l=1-r
}

public func * (1: SCNVector3, r: SCNVector3) -> SCNVector3 {
return SCNVector3(l.x * r.x, 1.y * r.y, 1.z * r.z)

}

public func *= (1l: inout SCNVector3, r: SCNVector3) ({
l1=1%*r
}

public func / (1: SCNVector3, r: SCNVector3) -> SCNVector3 ({
return SCNVector3(l.x / r.x, 1.y / r.y, 1.z / r.z)
}



public func /= (l: inout SCNVector3, r: SCNVector3) {
1=1/r
}

public func min(_ 1: SCNVector3, _ r: SCNVector3) -> SCNVector3 {
let 1d3 = SIMD3<Double> (1)
let rd3 SIMD3<Double>(r)

return SCNVector3 (min(1d3, rd3))
}

public func max(_ 1l: SCNVector3, _ r: SCNVector3) -> SCNVector3 {
let 1d3 = SIMD3<Double> (1)
let rd3 = SIMD3<Double>(r)

return SCNVector3 (max(1ld3, rd3))
}

enum FaceExpressionEvent: Hashable ({
case smile
case blinkLeft
case blinkRight

}

class FaceTracker {
weak var view: ARSCNView!

var onNextPoint: ((CGPoint) -> Void)?
var onFaceEvent: ((FaceExpressionEvent) -> Void)?

var pointOfView: SCNNode? ({
return view?.pointOfView

var isReady: Bool ({
return currentFaceAnchor '= nil

var currentFaceAnchor: ARFaceAnchor?
var currentFaceNode: SCNNode?

var faceGeometry: ARSCNFaceGeometry? {
return currentFaceNode?.geometry as? ARSCNFaceGeometry

}

lazy var screenNode: SCNNode = ({
let screenGeometry = SCNPlane (width: 0.2, height: 0.2)
let node = SCNNode (geometry: screenGeometry)

node.geometry?.firstMaterial?.isDoubleSided = true
node.name = "Phone plane"

node.position = SCNVector3(0, 0, -0.03)
node.opacity = 0

return node

1)
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lazy var deviceNode: SCNNode = ({
let node = SCNNode (geometry: nil)
node.addChildNode (screenNode)
node.name = "Device node"
return node

}H()

lazy var focusNode: SCNNode = ({
let node = SCNNode (geometry: SCNSphere (radius: 0.001))
node.geometry?.firstMaterial?.diffuse.contents = UIColor.green
return node

}H()

var head = Head()
var gazePoints: [CGPoint] = []

func configure (with view: ARSCNView) {
self.view = view

view.scene.rootNode.addChildNode (deviceNode)
view.scene.rootNode.addChildNode (head)
view.scene.rootNode.addChildNode (focusNode)

}

func updateNode (_ node: SCNNode, for anchor: ARFaceAnchor) ({
self.currentFaceNode = node
self.currentFaceAnchor = anchor

guard let geometry = faceGeometry else {
return

}

geometry.update (from: anchor.geometry)
head.update (withFaceAnchor: anchor)
sendFaceEvents (for: anchor)

}

func update (with rendered: SCNSceneRenderer) ({
guard isReady else { return }
guard let pointOfView = pointOfView else { return }
deviceNode. transform = pointOfView. transform

guard let 1lEyeHitTest = hitTest(node: deviceNode, gaze:
leftEyeGaze()) .first else { return }

guard let rEyeHitTest = hitTest(node: deviceNode, gaze:
rightEyeGaze () ) .first else { return }

process(l: lEyeHitTest, r: rEyeHitTest)
}

private let buffer = CircularBuffer<SCNVector3>()
fileprivate func process(l: SCNHitTestResult, r: SCNHitTestResult) ({
let middle = (l.worldCoordinates + r.worldCoordinates) / 2

focusNode.position = middle

buffer + view.projectPoint (middle)
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if buffer.isFull {
onNextPoint? (buffer.average.cgPoint())
}
}

private func sendFaceEvents (for anchor: ARFaceAnchor) ({
anchor.faceEvents. forEach { event in
onFaceEvent? (event)

}
}

extension FaceTracker ({
typealias Gaze = (start: SCNVector3, end: SCNVector3)

fileprivate func hitTest(node: SCNNode, gaze: Gaze) ->

[SCNHitTestResult] {
let start = view.scene.rootNode.convertPosition(gaze.start, to:

node)
let end = view.scene.rootNode.convertPosition (gaze.end, to: node)

return node.hitTestWithSegment (from: start, to: end, options:
hitTestOptions())
}

fileprivate func hitTestOptions() -> [String: Any]? ({
return [SCNHitTestOption.backFaceCulling.rawValue: false,
SCNHitTestOption.searchMode.rawValue:

SCNHitTestSearchMode.all.rawValue,
SCNHitTestOption.ignoreChildNodes.rawValue: false,

SCNHitTestOption.ignoreHiddenNodes.rawValue: false]
}

fileprivate func leftEyeGaze () -> Gaze ({
if let anchor = currentFaceAnchor, let node = currentFaceNode {

let start = node.convertPosition (SCNVector3 (m:

anchor.leftEyeTransform), to: nil)
let end = node.convertPosition (SCNVector3 (anchor.lookAtPoint),

to: nil)

return (start, end)

}

let start = head.leftEye.worldPosition
let end = head.leftEyeEnd.worldPosition

return (start, end)

}

fileprivate func rightEyeGaze() -> Gaze {
if let anchor = currentFaceAnchor, let node = currentFaceNode ({
let start = node.convertPosition (SCNVector3 (m:

anchor.rightEyeTransform), to: nil)
let end = node.convertPosition (SCNVector3 (anchor.lookAtPoint),

to: nil)

return (start, end)



}

let start = head.rightEye.worldPosition
let end = head.rightEyeEnd.worldPosition

return (start, end)

extension CGPoint {

}

private
var

{

{

func adjustedToScreenBounds () -> CGPoint {

let bounds = UIScreen.main.bounds
let newX = max(min(x, bounds.width), 0)
let newY = max(min(y, bounds.height), 0)

return CGPoint (x: newX, y: newY)

extension ARFaceAnchor ({
faceEvents: Set<FaceExpressionEvent> ({
var events: Set<FaceExpressionEvent> = []

if let value = blendShapes[.mouthSmilelLeft]?.floatValue, value >

events.insert(.smile)

}

if let value = blendShapes[.mouthSmileRight]?.floatValue, wvalue >

events.insert(.smile)

}
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if let value = blendShapes|[.eyeBlinkLeft]?.floatValue, value > 0.5

events.insert(.blinkLeft)

}

if let value = blendShapes|[.eyeBlinkRight]?.floatValue, value > 0.5

events.insert(.blinkRight)
}

return events
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MiHicTepcTBO OCBiTH i HayKM YKpaiHu
XapKiBCbKMI HaLjioHa/IbHUM YHiBEpCUTET pafioeNeKTpoHiKM
ATECTALIMHA POBOTA MATICTPA

JocnigxeHHA MeToAiB ynpaBNiHHA CKNaAHMMM 06'EKTaMM LLIJIAXOM
peanisayii KOHTPO/IIO 3a NOrNAA0M NOAUHU

BukoHaB: HaykoBui KepiBHUK:
cT. rp. IN3m-18-4 Jou. JlaHosui 0.0.
Papuenko I'.C

MeTa po6oTtu

> JocnigKeHHA MeToAiB ynpaBAiHHA CKAAAHUMMM 06’€KTaMM, OCHOBHI MeToaM,
MoZeni, airopuTMM KOHTPOJIKO 3a MOMISAOM JIOAMHM Ta NoGyayBaTH 3pYYHMIA
MeXaHi3M ynpaB/iHHA rpadidyHum iHTepdercom.

» [porpamHa peasizauia MOG6ILHOTO A40AATKY, WO [03BO/IMTb KOPUCTYBAaYy
npauBaTH i3 ckaaaHUMU rpadivyHMKU eleMeHTamK NOr/IAA0M.




AHani3 npegMeTHOI ranysi

» OCHOBHOIO BiAMiHHICTIO CK/TaHUX 06’ EKTIB € HAABHICTb Y HMX
3HAYHOT KiNIbKOCTi BIACTMBOCTEN Ha BiAMiHY Big npocTmx
06’ eKTiB.

» OCHOBHWM 3aCO60M Br/IMBY Ha BIACTMBOCTI 06’€KTa B
KOMN’IOTEPHMX CUCTEMAX € KYPCOP MMULLKM Ta MYHKTU MEHIO, LLO
[03BONIAOTb 3MiHIOBATM Li BIACTMBOCTI.

> IcHytoYi nporpamHi pilleHHA € NPONPUETapHUMU

> BiacyTHiCTb NiATPUMKM iCHYIOUMX NPOAYKTIB

> BiacyTHicTb pilleHb Ha MOGiNIbHMX NPUCTPOSAX

[locTaHOBKa 3aJayi

> [locniauT METOAM MALLMHHOIO 30DY, AOMOBHEHOT PeasIbHOCTI Ta MaLMHHOMO
HaBYaHHA

» PeanizyBaTy NMporpaMHy CUCTEMY, LLO 3340BOJIbHAE HACTVITHUM BUMOraM:

» Po3ni3HaBaHHA 06/1M44s TO MOrNAAY KOpUCTYBava

» KepyBaHHA CKNagHMMM 06’ EKTaMM LINAXOM aHanisy nornsgy

» Po3nisHaBaHHA CKNagHUX 06’€KTIB METOAaMM MALLMHHOIO HaBYaHHA
» KepyBaHHA BNacTMBOCTAMM CKNaZHOMO 06’€KTa

»  BuHecTn Moaeni Ta onepauii 41a po6oTH 3 JOMOBHEHOK peasibHiCTio Ta
HEMDOMEDEXKOL0 Y OKpeMi NporpamHi moayni




BapiaHTM BUKOpUCTAHHA MeToaY

> KepyBaHHS iHTepdeicoM nporpamu

) TMonerweHHs BUKOPUCTAHHS iICHYIOUMX CUCTEM ANA NtofeH i3 0OMEKEHHUMMU
MOX/IMBOCTAMM

» PeBonouiHMI JocBia y irpax

> AHanis BUKOpUCTaHHA rpacdiyHnx enemeHTiB. MobyaoBa Tena1oBMUX KapT.

> AHani3 B3aEMoAii KopucTyBaya i3 peK1amoto

Ornsp aHanoris

» FaceDetector
» BuKopucToBYe Be6 Kamepy
» [pocTe AnA BUKOPUCTAHHA
» Hemae aHanidy gaHmx
> Mpautoe Tinbku i3 6paysepom Google Chrome
»  GazePointer
» TpocTe ana BUKOPUCTaHHA
> Tinbkun ana Windows
» Hemae nigTpuMKm
> PvGaze
> ToTyXHa cMcTema aHanisy AaHux
»  Tinbku ana aeckronis
»  TurkerGaze
> OcHOBHi dyHKUii aHanizy gaHMx

»  Tinbku gnsa Linux
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CiTKka 0621M44A y IONOBHEHIN peanbHOCTi

.

Test label Button 3 button tapped
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BUcHoOBKM

» [poBeaeHo AoCNiAXKEHHS METOAIB YNPaBAiHHA CKIaAHUMM 06’ EKTaMM LLISIXOM
peani3aujii KOHTPOItO 3@ NOrNAA0M JIIOAMHM

» Po3pob6ieHnit METOA NPUAATHUM ANA BUKOPUCTAHHS

> BupilleHo 3aBAaHHA BiACTEXKEHHA NOriAAy KOPMCTYBaua, a TaKoX eMOLLiM,
3aB/JAKMU AKMM MOXKHA KepyBaTH CKNaHUM rpadiyHmMm iHTepdencom

> LLBMAKMI anropuTM aHanisy nornsgy KopucTyBada, 3aCTOCyBaHHS HOBOT
TeXHo0ri1 JONOBHEHOT peasibHOCTi, MaLUMHHOro 30py, CMHXPOHi3aLisa Ta
KanibpyBaHHs 060X TEXHOJIOT i

» Po3pobneHe nporpamHe 3abesneyeHHs 3a10BOJIbHAE YCiM BUMOram
NnocTaB/IEHOT 3aaaui
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User gaze tracking with Computer Vision and
Linear Algebra

Nikita Fedosenko
Kharkiv National University of Radio
Electronics
Kharkiv, Ukraine
nikita.fedosenko@nure.ua

Abstract—Gaze tracking is an important and complicated
problem in computer vision. As augmented and virtual reality
system becoming more popular, there is a need in an accurate
way of estimating gaze for providing more smooth interaction
between human and computer systems. In this paper, we explore
and implement one of the methods for gaze tracking, using the
10S platform.

Keywords—Eye tracking, gaze tracking, gaze estimation

INTRODUCTION

The main idea is to create such a
technology/algorithm, which will allow to track user gaze and
attention on a specific device based on iOS operating system.
There are a lot of libraries that provides some required atomic
functionality, but nowadays there is no any known algorithm,
that will provide possibility to track and analyze user
attention while they are using their devices.

To achieve the main goal, let’s analyze existing
technologies and frameworks to decide the way how to
implement such idea.

First of all, we must analyze and track user face
using front camera. Then, we must detect user eyes to find his
pupils. With existing information about user pupils, we must
somehow calculate vectors of user’s sight. After all, to
achieve best accuracy, we must measure approximate
distance from device to user head/eyes. Taking all above into
consideration, we must analyze device position in real world
and create device plane, create an equations with existing
user-sight vectors to detect intersection points of user sight
on a device plane. After all, we can convert calculated
intersection points into device screen related points (device
internal coordinate space). With information about user gaze,
we can analyze information, make it smooth and accurate
using existing math approaches.

IMPLEMENTATION
In 2016, the company called Apple, introduced a
new revolutionary technology ARKit. This tool allows
programmers to create augmented reality user experience
using Apple devices. Later, Apple has introduced an
extension to this technology to analyze user face and face

Hlib Radchenko
Kharkiv National University of Radio
Electronics
Kharkiv, Ukraine
hlib.radchenko@nure.ua

feature points with modern True Depth cameras, installed on
latest devices. The basic idea of this technology is to analyze
real environment, tracking movement of device, camera and
real objects. With modern cameras, devices can measure the
distance to real objects very accurate. We can use face-
tracking feature of this frameworks to get information about
user’s head location in device augmented reality coordinate
space.

/Y\_ /% & Vi

The information about face location is provided as
transformation matrix with four rows and four columns. This
matrix determines the distance (translation), the rotation an
the scale of user face in real world according to local
coordinate space. The information about face features
(mouth, nose, eyebrows etc) is provided as a dictionary. Each
key is a key for a specific face feature. Each value of this
dictionary is a value between 0 and 1 determines, the
accuracy of tracking single feature. All this information
combined, presented as a 3D face mesh.

With existing information about user face location
and transformation, we can calculate the approximate
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location of eyes. The next step is to find pupils. This problem
can be solved with Computer Vision tools. Apple provides
Vision frameworks for such tasks. It applies computer vision
algorithms to perform a variety of tasks on input images and
videos. To achieve the goal of finding eye’s pupils, there are
a lot of methods presented. The most suitable algorithm for
our purpose is CHT (Circle Hough Transform). This
algorithm provides the possibility to detect circular objects in
a digital image. The circle Hough Transform is a feature
extraction technique for detecting circles. The purpose of the
technique is to find circles in imperfect image inputs.

Human eyes has the radius of 12 mm, so our
algorithm can easily predict eyes location having face mash
and face transformation. We can project eye’s spheres to
augmented reality scene.

After finding pupils, we can also add them to
augmented reality scene. By the way, human eye iris has the
radius of 6 mm, so we can project it very accurate.

Having all required initial information, we can
calculate gaze vectors, starting from the center of an eye
sphere, crossing the center of a pupil.

The next step is to calculate distance between user
face and real device(smartphone, tablet or other). Visual
Odometry and True Depth camera embedded to Apple ARKit
framework can provide the information about this distance.
To create a correspondence between real and virtual spaces,
ARKit uses a technique called visual-inertial odometry. This
process combines information from the iOS device’s motion
sensing hardware with computer vision analysis of the scene
visible to the device’s camera. ARKit recognizes notable
features in the scene image, tracks differences in the positions
of those features across video frames, and compares that
information with motion sensing data. The result is a high-
precision model of the device’s position and motion.
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Apple cameras are based on SLAM(Simultaneous
Localization and Mapping) technology. First, let’s start with
a basic explanation of how computer vision is used here. The
iPhone’s camera takes a picture which produces an image,
and ARKit identifies features within that image. It then takes
another picture, and again identifies the features. It then
compares the first image to the second, and does a number of
calculations to determine the change in the relationships
between features. Doing this over and over as the camera
continues to produce images - the iPhone can “track” the
known features. We’ll come back to this.

When you see things with your eyes, your brain does
some instant calculation on the difference in the view from
your right eye to your left eye and determines depth - the
distance to different objects in your field of view. Now, there
are objects that you know the approximate size of, and that
information is used as well to judge the approximate scale of
things around you - these are the “known features” being
tracked. The important thing is your brain doing that
calculation on the difference in the two images. Essentially
this is triangulation - your right eye sees something in one
way, your left eye sees it in a slightly different way, your
brain knows the distance between your eyes, the approximate
angle of focus, and the difference in the images, tracks some
known features, and can therefore calculate approximate
distances and understand the 3D space.

When an iPhone camera is turned on, it doesn’t have
two different images with which to calculate distances.
However, a moment after the first image is taken it does have
a second image. Thanks to data from the iPhone
accelerometer sensors, it can also estimate the difference -
from the first image to the second - of the iPhone camera’s
3D position and aim. Now we go back to those “known
features” being tracked. For each image the iPhone doesn’t
just do this for a single feature, it maps as many features as it
can. Aside from doing the triangulation on each of the
features in the images, it also does a comparison between the
differences in each feature’s relationship to other features in
the image. So now, like your brain, the iPhone has two
different views of something, knows the approximate angles
of focus, knows the distance between the lens position, is
tracking known features and their relationship to each other.
From this, the iPhone can get a very good approximation of
how each feature is positioned in space with relation to the
other features, essentially producing a 3D mapping of the
space.

So we can rely on information provided by ARKit
to perform our basic calculations based on augmented reality
scene.

To detect the position of user’s gaze, we must create
a virtual plane, according to the device position in real world.
It’s already provided in ARKit, using CoreMotion framework
under the hood. The position of a device is presented by
mentioned above translation matrix with information about
rotation and translation of a device.

Having this plane, two vectors of user eyes, we can
calculate the intersection of this vectors with device plane and
approximate them.

First of all, let’s create the equation of a line by two
points in space. We have to points A(xy,y4,Z;) and
B(x,,y,,2,) . The equation is:
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Then, let’s create the equation of a plane. Virtual
device plane has it’s transformation matrix with the
information of an angle, so we can create a normal vector, by
rotating basic vector n(a, b, c) = (1, 1, 1) with device plane
angle transformation. To create an equation of a plane, we
need also a point, associated with this plane. We can take
point P(0, 0, 0) as a plane point, because our coordinate space
is associated with device camera, using camera position as a
zero point. The equation of a plane is:

a(x—x;) +b(y=y) +c(z—2)=0

Our initial point has zero values, so we can simplify
our equation:
ax +by +cz=0

To find the intersection point, let’s calculate an
equation system. This point must satisfy the equation system.

X=Xy Y=V _Z—Z;
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ax +by +cz=0

This equation is a system of 3 equations with three
unknowns, so it can be easily solved using different
approaches (such as Gauss or Cramer methods). The solution
of this system (if exist) is a point M(x3,ys,23), which
represents the intersection point between device plane and
line.

Having this solution, we can find two points, which
represent intersections between device plane and gaze vectors
of left and right eye. Then we can find the middle point,
which is the final user gaze point projected to a device plane.

The final step is to convert global mid-intersection
point presented in augmented reality scene to a local
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coordinates of a device screen. To achieve this, native
approach can be applied, using hit testing of a view.

CONCLUSIONS

After all calculations, converted points are
calculated and processed to render user gaze marker to a
device view.

Taking all above mentioned into consideration, the
lightweight and accurate approach of tracking user gaze is
described. This method can provide a variety of different
possibilities to developers and users. One example is to create
such a frameworks, which will allow to control application
UI using only user gaze. This approach will allow disabled
people to use their smartphones without having any
problems. The next possibility is to build a revolutionary new
user experience in games. For example, people can play local
or multiplayer games using only their eyes. And the final
technique is tracking user gaze to collect and analyze data for
creating heat maps of applications, or for improving Ul and
user experience. This feature is an interesting way how to
provide an absolutely new way of controlling devices for
many people.
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