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ABSTRACT

We developed a method of computer mouse cursor control based
on 3D head pose estimation using a web camera image stream. This
method can be especially applicable in the field of Assistive Tech-
nology interfaces for disabled persons. Our approach stands out by
enabling direct conversion of head pose into an absolute position
of the mouse cursor, the stability of which was achieved using a
special approach of facial key-point filtering. In order to estimate
head pose rotation angles we made use of the iterative version
of the Perspective-n-Point algorithm together with a seven-point
(symmetric) 3D head model, that adjusts itself to the head shape
based on facial landmark positions in the starting head position.
We demonstrate the effectiveness of our approach using practical
comparative measurements.
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1 INTRODUCTION

According to the World Health Organization, about 15 % of the
world’s population lives with some form of disability, out of which
2-4 % have significant difficulties in functioning [WHO 2011]. The
field of Assistive Technology (AT) is concerned with the devel-
opment of accessories that help persons with disabilities such as
quadriplegia or cerebral palsy, in their everyday lives, work, com-
munication, and have an impact on the general improvement of
their quality of life.

Persons with special needs can make use of their devices through
physical contact (for example using switches), with the use of fa-
cial movement (for example “Face Control” Android app [Obstino
2022]), with head movement (for example a gyroscopic mouse),
with eye gaze (eye trackers), or by using their voice (for example
Talon or Dragon Naturally Speaking [Nowogrodzki 2018]).

The choice of AT solution often depends on the type of disability
and available mobility that a person has. For example, solutions
that provide cursor control through head tracking, while requiring
mobility of the head, may provide easier and more accurate cursor
control for some disabled users compared to eye trackers [Zapala
and Balaj 2012], where the head is often required to be held still.
Additional benefit of head trackers is that they can also be imple-
mented in software, requiring only a web camera, presenting a cost
effective AT solution.

Certain webcam head tracking solutions already exist on the
application market, for example the CameraMouse [Betke et al.
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2002] and eViaCam [Mauri 2019] PC software. The downside of the
mentioned applications is that their underlying algorithm converts
relative head motion into relative cursor movement, resulting in the
effect that, with use, cursor will move to a position that is different
from the current head gaze direction. For example, when we move
the head from the starting position in a certain direction, and then
back into the starting position, the mouse cursor is not at the same
position anymore, but at a position that doesn’t coincide with the
head gaze direction, which might make it difficult for the end-user
to interact with the computer.

To the best of our knowledge, an application solution that would
remove the mentioned weakness doesn’t yet exist on the application
market, so we decided to research the feasibility of the approach of
using the webcam image stream to convert 3D head pose into an
absolute mouse cursor position, such that it always corresponds to
the head gaze direction. Such an approach may potentially offer a
favorable alternative to existing implementations.

2 RELATED WORK

[Nabati and Behrad 2010] developed an application solution for
disabled persons, which captures an image stream using a monocu-
lar camera, and uses the head pose estimate (rotation, translation)
using four marked points on the face to convert it into correspond-
ing mouse movement. In their approach they divided the solution
on a movement information retrieval module (3D head pose), and
mouse movement module. When estimating the 3D head pose they
assumed that 4 points on the face are on the same plane (a “N-point”
planar face model where the front of the face is modeled as a flat
surface) to obtain 3D rotation and translation between the web
camera and head pose. Their approach of a 4-point head model is
interesting and we expand upon the idea.

[Fu and Huang 2007] describe an approach of using the relative
position of the head’s bounding box in webcam image to set coarse
cursor position on the screen, and they fine tune cursor position by
means of estimating the head rotation. Although not specifically
aimed at disabled population, the approach is interesting as it uses
both head translation and rotation for fine cursor control.

[Tu et al. 2005] describe a 3D model based camera mouse control,
implementing what they termed “direct mode” as a one-to-one
mapping from obtained head rotations to cursor screen coordinates.
Though exhibiting a degree of cursor localization error, with ease
of implementation not being it’s strong point, the approach does
shows promise and prompts us to further research this method.
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3 PROBLEM DESCRIPTION

Our goal was to develop a solution that uses the web camera image
stream to estimate the 3D head pose and convert the obtained
head rotation angles to absolute mouse cursor position such that it
always corresponds to the direction of the head gaze.

The primary challenge that we address in this work is obtaining
very stable estimates of head rotation angles through facial key-
point filtering, and implementing a mapping function to translate
head rotations to cursor screen coordinates.

The problem can be divided into the following parts: 1) image
acquisition and face region detection, 2) detection of facial land-
marks within the face region, 3) head modeling (for example an
N-point 3D model), 4) 3D head pose estimation, 5) stabilization of
the obtained head rotation angles, and 5) conversion of the head
rotation angles into stable mouse movements.

3D head pose estimation problem

3D head pose estimation is a subset of the more general problem
called pose estimation, where the 3D pose (rotation and translation)
of an arbitrary object is being estimated. A 3D pose can be estimated
by minimizing the so-called reprojection error. A reprojection error
is the smallest at that rotation and translation of object points, such
that the difference between the positions of those points projected
from the 3D object coordinates to the 2D image plane, and between
corresponding (observed landmark) points in the captured image is
as small as possible (see Fig. 1).

The problem of reprojection error minimization is solved by
the so-called Perspective-n-Point (PnP) algorithm [OpenCV.org
2023b], which, additionally, takes into account the camera parame-
ters described by a so-called camera intrinsic matrix (containing
information about, for example, focal length and optical center) and
distortion coefficients of the matrix (describes how much straight
lines are distorted when the image is captured).

The 3D pose estimation is, therefore, obtained when we find the
appropriate rotation and translation matrix that minimizes the error
when projecting object points into the image plane (point (u, v)).
This projection can be written mathematically as [OpenCV.org
2023b] the matrix product given in Eq. (1). The equation describes
the projection of world coordinate points (X,,, Yy, Zy, 1) onto the
image plane points (u,v, 1), where r and t are parameters of the
rotation and translation matrix, and f and c are focal lengths and
optical centers respectively.
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4 SOLUTION IMPLEMENTATION

The solution was implemented in the C++ programming language,
where the popular OpenCV library was used for computer vision
algorithms. To obtain 68 key-points of the facial region, also known
as facial landmarks, we used the dlib C++ library, a toolkit contain-
ing machine learning and computer vision algorithms and tools
[Dlib 2017].
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Figure 1: Visualization of the Perspective-n-Point problem
(according to [OpenCV.org 2023b]).

Table 1: Computation of 7-point 3D head model given object
points in starting head position.

Point X y z
Between the eyebrows 0 27.y —33.y | 0.56 - (45.x — 36.x)
Left eye corner —(27.x - 36.x) | 36.y-33.y | 0.56 - (45.x — 36.x)
Right eye corner (27.x —36.x) | 36.y—33.y | 0.56 - (45.x — 36.x)
Tip of the nose 0 0 1.36 - (45.x — 36.x)
—(54.x — 48.x)/2 | 48.y —33.y | 0.70 - (45.x — 36.x)
Right mouth corner (54.x —48.x)/2 | 48.y —33.y | 0.70 - (45.x — 36.x)
Middle of the chin 0 8.y—33.y | 0.56- (45.x — 36.x)

Left mouth corner

We captured the image stream with 3-channel RGB images of
resolution 640x480. First, we detected the facial region using the
widely used Viola-Jones algorithm [Viola and Jones 2001] upon
which we decided because of its fast OpenCV implementation, using
the default FrontalFace pre-trained model from the OpenCV library.
Then, we tracked the obtained facial region using the MOSSE (Min-
imum Output Sum of Squared Error) tracker [Bolme et al. 2010]
from the OpenCV contrib repository, which helps reduce computa-
tion time, and therefore increases the resulting frame rate, which
would otherwise have been affected negatively if we were to detect
the facial region repeatedly using the Viola-Jones algorithm. What
follows is the detection of facial landmarks using the dlib library,
which, when given an input image and location of the facial region,
returned 68 landmark points (see image 2) in the starting head
position.

When modeling the head, we used seven of those landmark
points, namely, the points corresponding to the eye corners (points
36 and 45), the point between the eyebrows (27), nosetip point (33),
corners of the mouth (48 and 54), and the point in the middle of the
chin (8). We centered the model in a way shown in Table 1. The
Table shows the x, y, and z coordinates of the model points, where,
for example, 27.y means the y position of the 27th point (the point
between the eyebrows) that we obtained using the facial landmark
detector at the starting head position.

4.1 Obtaining head rotation angles using
OpenCV
In our implementation we measured the camera intrinsic matrix

and distortion coefficients using the example calibration tool that
comes with the OpenCV library package. The tool measures these
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Figure 2: Distribution of 68 facial landmark points .

parameters by being shown an image of the chessboard pattern
from different angles through the webcam image stream.

Inside the OpenCV environment we made use of the solvePnP
function [OpenCV.org 2023a], in order to obtain the rotation and
translation vector, followed by the use of the Rodrigues function
[OpenCV.org 2023a], in order to transform the rotation vector into
a rotation matrix, and, finally, we used the function RQDecomp3x3
[OpenCV.org 2023a], in order to transform the rotation matrix into
Euler rotation angles. Out of those angles, we made use of the yaw
(horizontal head rotation) and pitch (vertical head rotation) angles,
and converted them into the absolute position of the mouse cursor.

4.2 Filtering algorithm

With the intent of stabilizing the obtained head rotation angles, we
made use of the approach of filtering the x and y positions of each
of seven points (a total of 14 filters) that the dlib facial landmark
detector returns. For this purpose we implemented an exponential
smoothing (IIR) filter with difference equation given by Eq. (2).
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We defined a = 1— 220 a5 the memory factor, basing the definition

on properties of the RC low-pass filter from whose Laplace transfer
function the Eq. (2) can be derived by taking the inverse Laplace
transform and substituting derivatives with finite differences. Here
fo is the filter cutoff frequency, and f; = 30 Hz is our frame rate.

The final solution implementation used Eq. (2) to filter the seven
landmark coordinate points (u; [n], v;[n]) for 1 < i < 7, by applying
the filter equation to u and v coordinate components. After we used
these points in the PnP algorithm, we obtained estimations of the
head rotation angles. We then transformed these rotations into the
final cursor position point, and, finally applied the same filter on
this point as well, which resulted in an even more stable cursor
position.

We determined the appropriate cutoff frequency for filters ap-
plied at each point as fy = 0.19 Hz empirically, which corresponds
to a = 0.96.

The undesired effect of filtering is the time delay introduced into
the movement of cursor during application use. From the filter’s
transfer function, the filter step response can be shown to be equal
toy(t) =1- e~ 27fo! The time at which this function reaches

80 % of it’s maximum value can be shown to be fgejqy = %.

Using this, we could estimate the time delay of our filter at a spec-
ified cutoff frequency as t4e4y(fo = 0.19Hz) ~ 1.35s, whichin a

!Based on: https://www.researchgate.net/figure/ The- 68-landmarks- detected-by-dlib-
library-This-image-was-created-by-Brandon- Amos-of-CMU_fig2_329392737

practical setting, manifests as a time delay, that is needed in order
for the cursor to move from one side of the screen to the other,
when the head is moved quickly between the two positions.

4.3 Conversion of rotation angles into an
absolute cursor position
After having obtained the Euler rotation angles of the head, we

transformed them into an absolute cursor position according to the
equations (3) and (4) given by:

_w B tan(6y)

pix = 2 X ( tan(exmax)) (3)
_H tan(0y)

Ypix = 5 X (l - —tan(Gymax)) (4)

Here, W and H are the screen width and height in pixels, 0x
and 6y Euler angles for yaw (horizontal head rotation) and pitch
(vertical head rotation) respectively (obtained through the PnP al-
gorithm), and Oxmax and Oymax are the estimated head yaw and
pitch angles at the extreme head positions (when looking at left-
most/rightmost and topmost/bottom side of the screen). In our case
we set Oxmax = 6.5° and Oymax = 8.0°, which enabled us to use
smaller head movements to obtain extreme positions of the cursor.

Eq. (3) was derived by observing tan(fx) = %, where % is the
desired cursor x position relative to the center of the screen, 0y is
the yaw angle of the head rotation, and D is the distance of the
user’s head to the computer monitor. For example, x = 0 would, in
this case, correspond to the center of the computer screen. Then,
we observed that, in practice, there exists a maximum yaw angle
Oxmax, where the user is looking at the extreme side of the com-
puter screen (for example rightmost), and that there also a similar

relationship holds, namely, tan(Oxmax) = ’%'"ﬁ = WT/Z. Dividing

the two resulting equations eliminates D, giving % = Wi/z,
which we can now solve easily for . Additionally, accounting for
the pixel offset of % pixels at X = 0 resulted in xp;x = % —x, which,
after insertion of %, yielded Eq. (3). Without loss of generality, the

same approach can be used to derive Eq. (4).

5 MEASUREMENTS AND RESULTS

We evaluate our solution by measuring cursor stability during use
with three cursor movement tasks, and compare the results to those
when using noisy baseline head rotation estimates.

The measurements were performed by an able bodied test subject
at a distance of about 60cm from the screen, using a 144 PPI (Pixels
Per Inch) screen with a screen resolution of 1920x1080 pixels, using
the default parameter values described in Section 4.3 and the filter
cutoff frequency fy = 0.19Hz.

In the first part of the measurements we compared graphs of
cursor x and y displacement from a reference center point at the task
where the user sequentially moved the head in two directions: 1) left-
right, 2) up-down. We measured the stability of the cursor position
relative to horizontal axis of the computer screen (x displacement)
and vertical axis of the computer screen (y displacement). The
results can be seen in Fig. 3, where we can see that the non-filtered
cursor positions exhibited a large degree of noise.
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Table 2: Results of a t-test for cursor position when observing
a fixed point.

No filter  Filter

Mean [pixels] 46.25 8.39
Variance 787.73 16.10
Number of samples 132 201

t Stat 15.39

P(T<=t) < 0.00001

t critical two-sided  1.97

1 Number of pixels x displacement: filtered

400

x displacement: no filter
y displacement: iltered
y displacement: no fiter

300

200

100

-100

-200

-300

Frame number
50 100 150 200 250 300 350 400 450 500

-400

Figure 3: Visualization of filtered and non-filtered cursor
displacement along the x and y axes when looking left-right
and up-down sequentially.

Figure 4: Display of filtered (red) and non-filtered (green) cur-
sor path during a detour around the reference curve (black).

In the second part of the measurements we recorded the cursor
location when observing a fixed point - first without the filtering
algorithm, and then with the filter. Measurement samples are abso-
lute values of cursor deviation from the point. Then, we performed
the t-test, where we obtained the results shown in Table 2. We can
see that filtering introduces a statistically significant difference in
the results.

In the final part of the measurements we measured cursor devia-
tion magnitude from an ellipse-like curve (with half the width and
height the screen dimensions, i.e. 25% side-margins). The subject
had the task of moving the cursor using the head mouse three times
around the curve, starting and ending in mid-right side of the curve.

For this sample of measurements we obtained the following
average values with their Standard Deviations (units are the number
of pixels of cursor deviation magnitude from the reference curve):

Hno filter = 83.5 (0o filter = 101.1); pfiiter = 17.9 (Oiter = 13.8).
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6 CONCLUSION

In this paper we presented a promising method for computer mouse
cursor control using webcam 3D head pose estimation, based on
filtering of facial key-points. Such an approach is relevant and
applicable in the field of Assistive Technology Human-Computer
Interfaces.

Our approach stands out by it’s ability to map the head rotation
vector, (yaw, pitch), directly into corresponding (x, y) positions of
the cursor. This differs from available application solutions on the
market, which instead translate relative head motion into relative
mouse movement, where the head gaze direction need not coincide
with cursor position.

In our experimental work we demonstrated the effectiveness of
our key-point filtering approach on cursor stability during use.
During the task of observing a fixed point, the mean absolute dif-
ference between the observed point and actual cursor position was
8.39 pixels with o2 = 16.10, as opposed to the mean of 46.25 pixels
with o2 = 787.73 without the filter. During the task of user moving
the cursor around the reference curve, we obtained a mean abso-
lute cursor position difference (relative to the curve) of 17.9 pixels
(o = 13.8 pixels), as opposed to the mean of 83.5 pixels (o = 101.1
pixels). Additionally, we demonstrated the cursor denoising ability
visually during the task of sequential head movements.

In the future work, we would like to improve the cursor stability
by increasing the filter memory factor when the head is held still,
which would allow fine-tuned cursor movements and potentially
improve the ease of use. Additionally, we would like to include the
implementation of facial gesture detection for mouse click simula-
tion and automatic fixation of cursor on UI elements (e.g. buttons).
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