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Abstract

This paper presents an experiment to validate a head-mounted inertial interface for human-computer interaction (HCI)
developed for people with cerebral palsy (CP). The method is based on Fitts’s law, an empirical model of human motor
performance for aimed movements. Head motion is recorded in a series of goal-crossing tasks and a regression model
of the movement time (MT) is estimated for each user. Values of R? above 0.9 are indicators of a strong correlation of
those motion patterns with the linear model proposed by Fitts. The analysis of MT confirmed that head movements of
users without disability follow Fitts’s law and showed that 3 users with CP (MACS IV and V) had the same behavior.
There was a weaker correlation (R*>=0.839) for one individual with cervical dystonia and ballistic movements and no
correlation for two users with cervical hypotonia and dyskinetic CP. Results show the impact of ballistic movements
and poor postural control in computer interaction. They also provide the foundation for new interaction techniques to

develop a universal computer interface for motor impaired users.
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1. Introduction

Cerebral palsy (CP) is one of the most severe disabil-
ities in childhood and makes heavy demands on health,
educational, and social services as well as on families
and children themselves. Bax et al. (2005) defined CP
as ‘a disorder of movement and posture due to a defect
or lesion of the immature brain’. Those disorders of
posture and movement which are (1) of short duration,
(2) due to progressive disease or (3) due solely to men-
tal deficiency are usually excluded from CP. The preva-
lence of CP is internationally 2.2 cases per 1000 births
(Van Naarden Braun et al. (2016)). The overall rate for
the period from 1980 to 1990 was 2.08 per 1000 live
births and there are nearly 17 million people with CP
worldwide of all ethnicities and social status (Johnson
(2002)).
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The work ‘Surveillance of cerebral palsy in Europe:
a collaboration of cerebral palsy surveys and registers’
presented a consensus that was reached on a definition
of CP, description, and classification in terms of diag-
nosis, topography and function (severity). Cans (2007)
divides the CP into three types: spastic, ataxic and dysk-
inetic. Spastic CP is the most common form (70-80%
of the individuals with CP are affected by spasticity)
and is characterized by at least two of these signs: ab-
normal pattern of posture and/or movement, increased
tone, and pathological reflexes. It may be either bi-
lateral or unilateral. Ataxic CP (6%) is characterized
by both abnormal pattern of posture and/or movement
and loss of orderly muscular coordination; movements
are performed with abnormal force, rhythm, and accu-
racy. Dyskinetic CP (6%) is dominated by both abnor-
mal pattern of posture and/or movement; and involun-
tary, uncontrolled, recurring, occasionally stereotyped
movements (Cans (2007)).

CP can affect different parts of the body. Unilat-



eral and bilateral CP affect one or two sides of the
body, respectively. Diplegia refers to an impairment
that affects only the lower limbs, and quadriplegia is as-
sociated with an impairment in both upper and lower
limbs. Manual ability is an issue in at least two-thirds
of children with CP and it affects activities such as
eating, dressing, writing or playing. Eliasson et al.
(2006) presented the Manual Ability Classification Sys-
tem (MACS) to measure those limitations with 5 levels:
from “handles objects easily and successfully” (MACS
level I) to “does not handle objects and has severely lim-
ited ability to perform even simple actions” (MACS V).
Severe motor disorders in combination with sensory and
cognitive alterations result in great difficulties for some
individuals with CP to communicate and interact with
their environment.

In the recent years, the use of interactive tools and
other apps developed for personal computers (PC),
tablets, and smart-phones is spreading. Therapists and
caregivers use them to overcome some of the effects of
these motor limitations and promote neural plasticity,
especially during childhood. Unfortunately, there are
still barriers for these individuals to access the computer
with standard input devices. This limitations are related
to poor manipulation skills.

Computer access is often depicted as an act of point-
ing to graphical elements on the screen (Balakrishnan
(2004)). Any pointing task consists of as an initial phase
of ballistic movements followed by a slower homing
phase. People with CP usually encounter navigation
problems (difficulties moving the cursor during the bal-
listic phase), targeting errors (difficulties staying on a
target in the homing phase), and other issues related to
clicking (Hurst et al. (2008)).

Many authors have approached the development of
alternative interfaces in response to the special needs
of people with motor disorders. Those solutions are
available in multiple devices (PC, tablets, smartphones)
and allow different types of actions: pointing (Tuisku
et al. (2014)), scanning (Biswas and Langdon (2013))
or scrolling (Zhao et al. (2014)). The interface trans-
lates voluntary actions, registered as physical gestures
(Rempel et al. (2014)), muscle activity (Chen and Wang
(2013)), gaze and or head tracking (§pakov et al.
(2014)), voice, etc. or other measurements such as
evoked potentials (Schlogl et al. (2009)) into input com-
mands. Raya et al. (2012) proposed the ENLAZA inter-
face, an adapted head control for users with severe mo-
tor disorders (especially CP) who cannot use traditional
hand-held solutions to access the computer. ENLAZA
employs the users’ residual motor skills and is robust to
their involuntary movements.

Davies et al. (2010a) reviewed over thirty devices and
technologies which enabled or enhanced computer ac-
cess for individuals with CP, including pointing devices
(Wu and Chen (2007)) and keyboard modifications (Lin
et al. (2008)), adapted GUIs (Simpson et al. (2006)), fil-
ters and facilitation algorithms (Olds et al. (2008)) and
speech and gesture recognition. While these solutions
may enable computer access for this population, few of
them had undergone systematic evaluation for CP. As
Almanji et al. (2014) argued, the use of assistive tech-
nology for computer access encountered barriers that
led to the use of typical mice, trackballs or touch screens
for practical reasons. Fitts’s law (Fitts (1954)) is one of
the paradigms that the HCI community applies to assess
usability. In this study, we aim to find the answer to the
following questions:

1. Can we confirm that the ENLAZA pointing device,
based on head motion, follows Fitts’s law when it
is used by people without motor disabilities?

2. If the answer to (1) is affirmative, does ENLAZA
follow Fitts’s law when it is used by people with
CP? We will focus on those with diplegia and
quadriplegia and manipulation skills classified as
MACS IV and V.

To answer these questions, we will quantify how ef-
fectively users with and without CP are able to access
the computer by modeling their movement times with
Fitts’s law. Even though Fitts’s law describes, by defini-
tion, upper limb motor behavior, the works of Jagacinski
and Monk (1985), Radwin et al. (1990), and Gump et al.
(2002) suggest that the motion of the head during point-
ing tasks with a direct pointing device is of the same na-
ture. Our first goal is to confirm that hypothesis on users
without disabilities. Most of the work related to en-
abling computer access to individuals with motor disor-
ders focuses in MACS levels I-III. The research directed
to individuals with severe motor disorders (MACS IV
and V) is scarce. Our second contribution is to assess
the performance of the ENLAZA head mouse when it
is used by individuals with CP MACS IV and V. While
Davies et al. (2014) observed that Fitts’s law cannot be
applied in youths with CP, Almanji et al. (2014) spec-
ified that there was a correlation between speed and
accuracy, but not as strong as in typically developing
youths. We expect to find similar differences between
users with and without CP in our study. The analysis of
data will provide us with information about which pro-
files of motor impairment are modeled by Fitts’s law in
a heterogeneous group of users with CP. This new in-
formation can lead to changes in the calibration process
or to the development of new control strategies for the



interface based on head movement.

2. Background

2.1. Pointing models

Fitts’s law is an empirical model which explains the
trade-off characteristics between speed and accuracy for
human movement during pointing tasks. The model
was first developed for the optimization of worker effi-
ciency during assembling tasks in production lines (Fitts
(1954)). Since Card et al. (1978) proposed its applica-
tion in Human-Computer Interaction (HCI), it has been
widely used in the design and validation of graphical
user interfaces (GUI).

Fitts’s law models the human motor system as a com-
munication channel with a certain bandwidth, measured
in bits per second. Information is transmitted through
the channel by performing a movement of a certain dif-
ficulty, measured in bits. Fitts defines a simple point-
ing task where the subject has to perform a movement
of amplitude A to reach a target of size W. The model
states that movement time (MT) is a linear function of
the index of difficulty (ID).

MT =a+b+ID (1)

Parameters a and b are named intercept and slope.
Soukoreff and Mackenzie (2004) suggest the use of the
Shannon formulation, which provides a better fit with
observations and is truer to the information theorem on
which Fitts’s law is based. It also prevents the estima-
tion of negative values of /D. This formulation repre-
sents the ID as:

ID = log2<% + 1) @)

The standard ISO 9241-Part 9. Requirements for non-
keyboard input devices defines the Throughput, TP, to
quantify the performance of a reaching task with point-
ing devices. It is based on the time needed to complete
the task and the difficulty of the task and is considered a
more robust parameter than the MT itself. The difficulty
of the task is quantified by the index of difficulty, ID,
which is based on A and W. The TP during a single task

is: D
TP = — 3
UT 3)

On the other hand, Wobbrock et al. (2011) extrapo-
lated Fitts’s model to a two-dimensional (2D) solution
and compared two approaches for the estimation of the
task Throughput: slope-inverse throughput, 7P;,,, and
mean-of-means throughput, TP,,,. They concluded that

TP,,, agrees more across dimensionalities and exhibits
smaller variance among users.

1
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Although each throughput calculation results in a bits/s
measure, they consider different things. It is reasonable,
then, to report all throughputs rather than adhere to one
of them.

2.2. Pointing strategies

Wall and Harwin (2000) among others were critical
of the classic reciprocal tapping because the subjects
quickly learned to improve their performance during the
repetitive action: which is “unrepresentative of most
pointing tasks”. The experiments assessing pointing
devices and Fitts’s law are generally designed follow-
ing the standard proposed by Soukoreff and Macken-
zie (2004). However, there are some scenarios and new
ways of interaction that must be considered.

Quinn et al. (2013) simulated beginner and expert be-
havior with two pointing techniques (random task and
bi-directional tapping). They described each trial as
a 3-phase sequence (initiation, execution of movement
and confirmation of cursor location) and found that the
initiation phase in the random tasks was larger than in
the bi-directional tapping. In a calibration stage random
showed smaller correlation with the linear model than
the bi-directional tapping that was perhaps due to the
initiation phase component, although both of them were
considered good matches (R%n 4= 0.96, R,Zap =0.99).

Accot and Zhai (2002), Apitz and Guimbretiere
(2004), and Apitz et al. (2010) analyzed whether cross-
ing boundaries could complement or replace the tradi-
tional enter object and select it paradigm with a stylus
and observed that “goal-crossing indeed follows a quan-
titative relation among movement time, movement dis-
tance and the constraint of the goal width” and “that re-
lationship takes the same form as in Fitts’s law”. Goal-
crossing MTs were shorter or no longer than pointing
and selection under the same ID. Luo and Vogel (2014)
extrapolated this analysis to direct touch input and con-
firmed Accot’s hypothesis.

2.3. Pointing devices

Fitts’s law has been often used to evaluate not only
the mouse but also new input devices, mostly with non-
impaired users, with various results. Felton et al. (2012)



and Kim et al. (2013) applied it to a brain-computer in-
terface (BCI); Kim et al. (2015), to a BCI-gaze-tracking
hybrid interface. A linear relationship between MT and
ID was found for both pure and hybrid BCI interfaces.

Other interfaces showed different behavior due to
the nature of the interaction. Tuisku et al. (2012) and
Alonso et al. (2013) evaluated gaze-tracking interfaces
with Fitts’s law and found a poor correlation with the
model, which is in contradiction with Surakka et al.
(2004) and others. Alonso pointed out that MT de-
pended on the size of the target more than on the ampli-
tude of the movement as eye movements are extremely
fast. Scheme et al. (2013) and Kamavuako et al. (2014)
described two interfaces based on superficial and intra-
muscular EMG to move the computer cursor in one and
two dimensions, respectively. Fitts’s evaluation showed
that MT and ID had a strong correlation when the reach-
ing tasks involved movements in one axis, and was even
stronger with intramuscular EMG. Scheme and Engle-
hart (2013) and Williams and Kirsch (2015) assessed 3D
motion with superficial EMG but Fitts’s law could not
be applied as participants tend to use sequential com-
mand strategies for combined movements in different
axis for a more natural interaction.

Jagacinski and Monk (1985) and Rudigkeit et al.
(2015) tested the applicability of Fitts’s law for head-
controlled interfaces similar to the one that we evalu-
ated in this study. Jagacinski and Monk even calcu-
lated three regression models. The results of both stud-
ies suggested that Fitts’s law is suitable for head motion
and non-impaired users. Radwin et al. (1990), Gump
et al. (2002), and Raya et al. (2012) hypothesized the
linear model could be also used with individuals with
CP and obtained promising results. Unfortunately, the
small number of participants in their studies (one, three,
and two subjects) reduced the significance of their find-
ings.

2.4. The ENLAZA interface

ENLAZA (Raya et al. (2012)) allows users to con-
trol the cursor of the computer with movements of their
heads. It consists of a headset with a cap and an in-
ertial measurement unit, IMU (Werium S.L., Spain) as
depicted in Figs. 2(a) and 2(b). It integrates a tri-axial
gyroscope, accelerometer, and magnetometer. It uses
Coriolis force principle to measure angular velocity and
Hooke’s law for acceleration. The magnetometer mea-
sures Earth’s magnetic field. The IMU design is based
on MEMS technology and is available in a small pack-
age (27x35x13 mm, 27 grams). It is able to measure
+/- 2.0 Gauss, +/-3 g and +/-500°/s in the three axes.

Sagittal Transverse

(a) User without motor disabilities.
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(b) User with cerebral palsy.

Figure 1: Representation of the head orientation in the frontal, sagittal
and transverse planes. The Euler angles displayed are, from left to
right, @, B and y. Recordings correspond to a total of 16 reaching
tasks with the ENLAZA interface.

The angular resolution of the device is 0.05°, a static ac-
curacy less than one degree and a dynamic accuracy of
about 2° RMS.

IMU orientation is estimated based on the data
recorded by the accelerometer, gyroscope, and mag-
netometer. The three Euler angles @, 5 and vy (in the
frontal, sagittal and transverse planes) are calculated
from the rotation matrix:

Res = Rs - (Rg)™ (6)
- _ Reseny

@= atc'm< RGS(s,s))

B= asl”(Raﬁl,s)) (7
_ _ Resan

Y= atan( RGS(],I))

where Rg is defined as the rotation matrix of the global
reference system corresponding to the neutral position
of the head (looking at the center of the screen) and Rg
as the rotation matrix that describes the orientation of
the sensor at each frame. For the purpose of this study,
the mouse pointer is controlled with an absolute control,
meaning that there is a unique mapping between the
head orientation and the location of the pointer. During
a calibration process, a therapist adjusts the gain of the
transfer function that translates the changes in the orien-
tation of the head into a displacement of the pointer on



the screen. After this process, all pixels in the screen are
reachable for the user’s head Range of Motion, ROM,
described by Bible et al. (2010). Examples of different
ROM can be observed in Figs. 1(a) and 1(b).

During the development phase, many cases of over-
shoots and undershoots were found in users with pre-
served gross motor control but poor fine motor control.
This caused a number of sub-movements around any
target they tried to select. Raya et al. (2012) developed
a Robust Kalman Filter (RKF) that facilitates fine mo-
tor control based on the characterization of involuntary
movements found in users with cerebral palsy. The filter
prevents the trajectory of the pointer from being affected
by ballistic, athetoid, dystonic or other associated invol-
untary movements. An initial movement which rapidly
covers distance is smoothly filtered, whereas the move-
ments around the target are more attenuated. Experi-
ments with 3 participants with CP showed drastic re-
ductions (up to 65%) in the number of sub-movements
around the target.

Prior to this study, Raya et al. (2013) and Velasco
et al. (2016) had used the inertial interface ENLAZA
for the assessment of impairment. Two metrics were
proposed: the frequency of movement and the ROM
of user’s head. ROM is defined as the difference be-
tween the maximum and minimum Euler angles mea-
sured by the IMU in one of the anatomical planes:
frontal, sagittal or transverse (Euler angles «, § and
v). Results showed significant differences in the mea-
sured ROM between healthy subjects and users with CP
due to the motor control and posture disorders. Figs.
1(a) and 1(b) depict the three angles measured in one
user of each study group. Head motion was analyzed
in the frequency domain but no significant differences
were found. This indicates that there is and overlap
between the frequency components of the involuntary
movements and with those of the voluntary motion in
CP.

3. Experiment

We based our experiment on goal-crossing random
tasks instead of the standard bi-directional tapping and
selection proposed by Soukoreff and Mackenzie (2004).
While this may seem to be rather unorthodox, we be-
lieve that the motor and cognitive profile of our partici-
pants with CP required a different approach. The stan-
dard task would be unattractive and tedious for most of
our users and we are confident that the works of Accot
and Zhai (2002), Quinn et al. (2013) and others sup-
port our experiment. Users wore the ENLAZA device
to control the cursor of the computer with movements

(a) IMU attached to the helmet.

(b) Participant from the CP group.
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(c) Sequence of 4 random tasks with a goal-crossing strategy.

Figure 2: Experimental set up: the ENLAZA interface and represen-
tation of 4 random goal-crossing tasks in the Pink Panther videogame.

of their heads. They were instructed to locate the mouse
cursor over a static target as quickly as possible. All the
participants had previous experience with the device.

3.1. Participants

A total of 16 users were recruited. Six users with-
out disabilities, ND group, (age 26.1+/-4.2) participated
in the early experiments and completed 3+/-1 training
sessions before starting the study. Ten users with CP
(age 31.8+/-9.2) started a second phase of the study
at ASPACE-Cantabria (Santander, Spain), a center spe-
cialized in CP and similar disorders. This study was ap-
proved by the Ethics Committee of ASPACE-Cantabria
and was in accordance with the Declaration of Helsinki
on human research. Prior to the beginning of the tests,
they had completed 21+/-7 sessions with ENLAZA in

W3=100 px
A3=300 px



Table 2: User description: relevant characteristics.

User Cervical Tone General Tone  Associated Movements  Intellectual ability
CP1 Dystonia Dystonia Ballistic movements Normal

CP2 Hypertonia Hypertonia Athetoid movements Normal

CP3 Hypotonia Hypertonia Dystonic movements Normal

CP4 Hypotonia Hypotonia ~ No movements associated Mild disability
CP5 Hypertonia Hypertonia Athetoid movements Medium disability
CP6 Hypotonia Hypotonia No movements associated Medium disability

two months and training games.

Table 1 depicts the classification of the participants in
terms of diagnosis and topology of the motor disorder.
It also depicts their manipulation skills. Some other de-
scriptors that the therapists considered relevant for the
study can be observed in Table 2. Deficits in trunk con-
trol affect head stability as pointed out by Saavedra et al.
(2010) and Saavedra and Woollacott (2015). Conse-
quently, pelvic and torso support was provided for those
participants with poor trunk postural control.

Four of the participants with CP left the study after
a small number of sessions. One of the participants
left ASPACE-Cantabria. It was a personal decision that
could not be prevented. Another two participants had
poorer head control than the rest of the participants and
could not complete some of their work sessions in the
time assigned in each work session. Unfortunately, the
schedules in ASPACE-Cantabria are tight and other ac-
tivities such as PT or occupational therapy were the pri-
ority. Both continued using ENLAZA in less challeng-
ing activities. The fourth dropout was due to the fact
that the participant did not actually meet the inclusion
criteria. Although the therapists in ASPACE-Cantabria
thought his cognitive development was not an obstacle
for his performance, they soon realized that he did not
fully understand the exercise. The tests from these par-
ticipants are not included in the analysis.

3.2. Goal-crossing random task

A simple videogame (see Fig. 2) was developed us-
ing Visual C# for the framework .NET 4.0. Each work
session with the videogame consisted of reaching 17 tar-
gets on the screen: one for practicing (and to set the
exercise’s starting point) and 16 for assessment. The
participants were asked to locate the cursor over a tar-
get on the screen “as fast as they could”. The target
was a Pink Panther’s face inside a squared, transparent
frame and there was high contrast between the pink tar-
get and the white background. Between 2 consecutive

goal-crossing tasks, a brief scene corresponding to 1/17
the length of a video was played in order to give the par-
ticipants both a reward and time to rest. A new target
appeared on the screen in a randomized order when the
video scene stopped. The user would reach the end of
the video after completing the 17" task. No errors could
be made as there was just one element on the screen at
every time and there was no preset timeout.

The location of any new target was calculated as a
function of the location of the cursor the very moment
the video stopped. Two values of movement amplitude,
A, were chosen; the target could be located at a distance
of either 300 or 500 pixels from the position of the cur-
sor. Similarly, two values of target size, W, were used:
100 or 200 pixels. Hence, there were 4 combinations
of amplitude and width that provided us with values of
ID in a range of interest (see Section 3.3). In a session,
the user had to perform four repetitions in a random-
ized order of those four (A,W) combinations, for a total
of 16 tasks. Fig. 2(c) shows a series of 4 goal-crossing
tasks in a randomized order: there are targets of two dif-
ferent widths, W, located at two possible values of am-
plitude, A. The dashed line represents the ideal trajec-
tory while the solid line represents the actual path taken
by the user. In this case, the pairs (A,W) are: A;1=100
px, W1=300 px; A>,=500 px, W>=200 px; A3=300 px,
W3=100 px; A4=500 px, W4=200 px. Note that the first
target (marked with the black dot) is used as the exer-
cise’s starting point.

The session was designed not to last more than 5 min-
utes in total, including goal-crossing task and the repro-
duction of the video. The therapists aimed to sched-
ule two consecutive sessions for each participant and
day. Between sessions, the participant could rest for
five minutes. The average duration of each session was
3.76+0.67 min and the participants completed 1.8+0.67
sessions per day of work.



3.3. Assessment of correlation with Fitts’s law

According to Fitts’s law, the cursor’s time of flight
during a reaching task should be a logarithmic function
of the target size and the amplitude of movement, thus
a linear function of the ID. A set of tests was defined to
measure the Movement Time (MT) during several goal-
crossing tasks for predefined Indexes of Difficulty (ID).
Subsequently, we estimated the R> value of the linear
approximation of the MT-ID curves. As we mentioned
earlier in the text, the tests are based on a series of tasks
with 4 values of ID: 1.32, 1.8, 2 and 2.58 bits per sec-
ond. Even though a larger range of /D would strengthen
the significance of our results, we had two main rea-
sons to believe that the chosen range would be accept-
able. First, previous studies found that children with CP
MACS 1III and IV using a traditional mouse did not fol-
low Fitts’s law for IDs above 2 bits (Davies et al 2014).
Second, most of our participants with CP have vision
problems and nearly half of them, cognitive disorders.
It would be unlikely that they would perform pointing
tasks using the same graphical user interfaces that indi-
viduals without disabilities. Hence, they would never be
exposed to those high values of ID in their daily point-
ing.

A session with ENLAZA consisted of 4 repetitions of
the task with each of the /D values presented in a ran-
domized order. Each participant took part in 4.67+0.67
work sessions depending on their availability during the
study. In the end, an average value of MT for each of
the 4 values of ID was used in the analysis. We de-
fine MT as the time the user needs to locate the cursor
above the target. A linear regression is computed to fit
a model to the data registered for individuals or groups.
The data used for the regression of the groups were the
global means of MT per ID, whereas the regressions
for each individual were estimated with the participants
means per /D. To measure the quality of the fit, the R?
or coeflicient of determination was calculated from the

Table 1: User diagnosis, and topographical and functional capacity
classification.

User Diagnosis  Topography MACS GMFCS
CP1 D-A Quadriplegia 5 5
CP2 D-A Quadriplegia 5 5
CP3 Dyskinetic Quadriplegia 4 4
CP4 Dyskinetic Quadriplegia 5 5
CP5 Spastic Quadriplegia 5 5
CP6 Mixed Diplegia 5 5

* D-A: Dystonic-Athetoid

TP (bits/s)

CP group ND group

Figure 3: Measure of Throughput (TP) for the two groups. The box
plots represent the values measured for each task during the work ses-

sions of cerebral palsy group (CP) and users without motor disabilities

. . 1.57-(¢3—-q1)
(ND). The notches represent gy + ——— =1

residuals of the regression.

3.4. Assessment of task performance

Throughput is the metric adopted to analyze task per-
formance. Its value for each user will be estimated
following three approaches, TP (as ID/MT), mean-of-
means throughput (7P,,,) and slope-inverse throughput
(TP;,,). Please note that ID/MT is an estimation of the
Throughput only in a certain reaching task, i.

4. Results

4.1. Correlation with Fitts’s law

All MT — ID curves as well as the linear model es-
timated from the regression are plotted in Figs. 4 and
5. Linear regression of the experimental data resulted in



the following equations (in seconds):

CPgroup MT = —0.825+2.214-ID, R?*=0.952
NDgroup MT = +0.474 +0.137 - ID, R*=0.924
CP1 : MT =-2.544 +4253-ID, R*=0.839
CP2 © MT =+0.094 + 1.004 - ID, R?> =0.980
CP3 : MT = +0.068 +0.929 - ID, R? =0.693
CP4 : MT =-2.412+3.939-ID, R?>=0.784
CP5 © MT = +1.754 +3.405-ID, R?=0.920
CP6 © MT =+1387+2.241-ID, R*>=00918
®)

Table 3 depicts movement times for each user and ID
as well as the value of R?. Despite the differences in
the task performance, the average motor performance of
both groups was proven to fit the linear model proposed
by Fitts’s law, with R?> 0.924 (ND) and 0.952 (CP). In
terms of individual motor performance, the R? calcu-
lated in 3 out of 6 participants with CP (CP2, CP5, and
CP6) was above 0.9. In the case of CP1 (dystonia), it
was slightly lower: 0.839. The lowest values of R? cor-
responded to CP3 and CP4, both of them cases of cere-
bral palsy with cervical hypotonia.

These results indicate that head controls used by indi-
viduals without motor impairments can indeed be mod-
eled by Fitts’s law. Similar levels of correlation were
found for the group of participants with CP. However,
there is poor correlation in individuals with dystonia or
hypotonia. This could mean that some profiles of motor
disorder found in CP lead to movements which cannot
be predicted by Fitts’s law.

4.2. Task performance

As expected, non-disabled users (ND) were consider-
ably faster and more efficient than those in the cerebral

Table 3: Movement times and indexes of difficulty and R? of the
model.

ID (bits/s)
User 1.32 1.80 2.00 2.58 R?
CP1 3.70s 5.17s 4.58s 9.18s  0.839
CP2 1.46s 1.92s 1.99s 2.74s  0.980
CP3 1.52s 1.72s 1.48s 2.72s  0.693
CP4 3.14s 3.24s 6.62s 7.70s  0.784
CP5 6.42s 7.22s 9.13s  10.52s  0.920
CP6 4.51s 5.57s 5.35s 7.41s 0918
CPyroup  2.34s 2.98s 3.35s 5.11s  0.952
NDgoup 660ms  740ms  720ms  840ms 0.924

palsy (CP) group during the goal-crossing tasks pro-
posed. The differences can be observed in Fig. 3. The
MT registered was smaller (medians in ND and CP were
0.725 seconds and 3.290 seconds, respectively) and TP
significantly larger in the ND group. The median val-
ues were 2.510 bits/s in the ND group and 0.572 bits/s
among the users in the CP group (p<0.01). Among
the participants with CP, CP3 scored the best results
(T P4,g=1.035 bits/s). Table 4 depicts the results of the
tests: the distribution of Movement Time and Through-
put measured (MT, TP) as well as the mean-of-means
throughput (TP,,s). It can be observed that TP,,, is a
good descriptor of the throughput since it is very simi-
lar to TP for all the users.

There was no apparent relation between the perfor-
mance of the task, described by TP,,,, and the goodness
of the match with Fitts’s law in terms of the calculated
R? for none of the groups. This is consistent with the re-
sults presented by MacKenzie and Isokoski (2008), who
provided evidence that supported the fact the throughput
is independent of the speed-accuracy trade-off.

5. Discussion

There are studies which test the validity of Fitts’s
law with users with CP but they focus on hand con-
trol. Severely impaired users (MACS IV and V) can-
not use traditional mice and rely on other non-handheld
devices. Although most of these devices have been eval-
uated with Fitts’s law, the experiments only included
users without motor impairments. Our contribution was
to replicate that assessment for the most severely motor
impaired using a particular non-handheld device. More
precisely, our goal was to evaluate two aspects concern-
ing ENLAZA, a head mouse to access the computer spe-
cially developed as an adapted interface for people with
severely affected manipulation skills. First, we captured
head movements of users without motor disabilities. We
were interested in confirming the evidence that suggests
that those movements can be modeled by Fitts’s law and
there is a trade-off between speed and accuracy during
the pointing tasks. Secondly, provided that those head
movements follow Fitts’s law, we wondered if the linear
model proposed by Fitts is also valid for users with se-
vere motor and posture disorders such as those found in
people with CP and diplegia or quadriplegia.

In the first phase of the experiments, we measured
the movement times of 6 users without motor disabili-
ties and were able to estimate a good regression model
of MT as a linear function of the index of difficulty for
a series of random goal-crossing tasks. We observed
that MT in the ND group (725ms) was not far from the



Table 4: Distribution of MT and TP and estimation of TP, and TP;;,, .

MT(s) TP(bits/s)
User qi qQ2 qJ3 qi qQ2 q3 TPavg TPinv
CPI 2968 5.134 9.003 0.197 0.363 0.577 0.343 0.235
CP2 1331 1931 3.000 0640 0944 1.405 0.953 0.996
CP3 1.284 1.727 3.611 0532 1.033 1.560 1.035 1.076
CP4 2545 4862 8565 0241 0383 0678 0371 0253
CP5 4609 8301 1320 0.121 0234 0439 0231 0293
CP6  3.050 5769 9.417 0.193 0339 0.634 0.337 0.446
CPgoup 1.801 3290 7.022 0278 0572 1.004 0.559 0.451
NDgp 0.632  0.725 0.861 2.065 2510 3.081 2.608 7.299
1 6
ND, R2=0.924 CP, R2=0.952
0.9 5 +
0.8
= =4
S 07 { s i
0.6 3 i
’
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Figure 4: Representation of M7-ID curves measured in the experiments with the interface ENLAZA for both study groups: non-disabled users
(ND) and users with cerebral palsy (CP). The value of R2 is an indicator of the good correlation with Fitts’s law.

values measured with standard mice by Luo and Vogel
(2014), 716ms, or Apitz et al. (2010), 500-600ms, for
a stylus. The second phase was also satisfactory, as we
achieved to estimate linear models for 6 users with CP,
even though they performed considerably poorer than
the users without disabilities using the device. Davies
et al. (2014) observed similar differences between typ-
ically developing youths (TDY) and youths with CP,
MACS III and IV. Interestingly, they didn’t find signif-
icant differences for IDs above 2 bits as we did. They
concluded that Fitts’s law is not valid for users who are
MACS III and IV.

5.1. The importance of the transfer function

Our experiment and the one conducted by Davies
et al. (2014) differ in several aspects (pointing device,
pointing strategy, task, etc). One of them is the trans-
fer function or control-display gain relationship that the
devices used. Whereas Davies used the Windows de-
fault mode or enhance pointer precision (thoroughly de-

scribed by Casiez and Roussel (2011)), ENLAZA in-
tegrates a RKF instead. The RKEF filters some of the
involuntary movements and reduces the number of sub-
movements. It may be the key to explaining why we
found a strong correlation between M7 and ID. In future
studies, it would be interesting to evaluate the effects of
RKEF on the validity of Fitts’s law for individuals with
CP that are MACS I-III using a mouse.

5.2. The use of goal-crossing instead of bi-directional
tapping and selection

Head mice such as ENLAZA enable cursor control
with head movements but selection (e.g. click ac-
tions) requires the use of extra techniques such as dwell
time. Bi-directional tapping and selection with EN-
LAZA would need the use of dwell time. Although
some of our participants in ASPACE are indeed very
experienced with the dwell time to select elements on
the screen, others have difficulties staying on a target
the required time. In their study, Raya et al. (2012)



assessed ENLAZA with bi-directional tapping and se-
lection. They could only recruit 3 users with CP and
measured poorer correlations. In this study, we use the
goal-crossing to be able to recruit a larger number of
participants.

While we could have combined goal-crossing and bi-
directional tapping and asked our participants to per-
form “bi-directional goal-crossing”, we and our part-
ners in ASPACE-Cantabria believe that motivational as-
pects are important for the success of the experiments.
While we risked measuring poorer correlations with
Fitts’s law (although the studies that we reviewed sug-
gest that Fitts’s law would still be followed), we mini-
mized the number of drop outs with an exercise that the
participants found more engaging than the traditional
bi-directional tapping.

5.3. Explaining the impact of posture and motor control
in goal-crossing tasks

Three out of the six members of the group with CP
showed good correlation with Fitts’s law (values of
R? greater than 0.9). We believe that low R?> may be
a consequence of a poorer postural control since the
worst values of correlation were measured for users
with decremented cervical tone and dyskinetic CP. Al-
manji et al. (2014) suggested that the movements of
individuals with CP cannot be modeled by Fitts’s law
because movement instability and pauses are common
in their pointing tasks. Gump et al. (2002) theorized
that “unreliable visual feedback™ could be the source
of errors and ballistic movements in users with mod-
erate to severe CP. ENLAZA’s RKF should minimize
the effects of these anomalies by preventing most invol-
untary movements from affecting the trajectory of the
cursor as Raya et al. (2012) and Velasco et al. (2016)
proved. Nonetheless, the slightly lower value of R?
achieved by CP1 could be due to the residuals of his
involuntary movements. We consider that more specific
tests should be run with participants with hypotonic CP
and or involuntary movements to establish whether their
head movements follow Fitts’s law. It would also be in-
teresting to analyze different trajectory directions. That
could give us some insight into how muscle weakness is
affecting head movements and the interaction with EN-
LAZA.

5.4. Experimental concerns and further work

There are some limitations that are inherent to the
population under study and the experiment itself. To
begin with, the disability of the sample in our CP group
(as CP itself) is rather heterogeneous in terms of mus-
cular tone, postural control, involuntary movement and
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intellectual ability. Six participants with CP (one of
them was MACS VI; the rest, MACS V) is indeed a
small number for any study, but the fact is that these
limitations are shared with most of the publications re-
viewed and that points out the difficulties researchers
find to recruit a large population of volunteers with CP
and similar levels of severity. For instance, Davies et al.
(2010b) recruited 6 users MACS IV and 8 MACS V.
Davies et al. (2014) and Almanji et al. (2014) recruited
9 users MACS IIT and 3 MACS IV, but none MACS V;
Saavedra et al. (2010), 3 users with CP GMFCS III. In
addition, we had to deal with the daily routines of users
with CP in ASPACE-Cantabria (with tightly scheduled
occupational and physical therapy, lectures, transporta-
tion, lunch times, etc), which do not allow systematic
testing. Instead, we were forced to plan shorter work
sessions during a wider period of time that could be
“squeezed” into their timetables. Finally, some aspects
such as motivation or fatigue were not quantified al-
though they may play an important role in the perfor-
mance of the task. However, we found a consensus with
the therapists in ASPACE-Cantabria and approached the
subject by designing a protocol based on videogames
in order to enhance the user’s attention and minimize
the effects of tedium that a traditional Fitts’s law study
could cause in our users over the weeks of experimen-
tation.

The participants with CP and the therapist expressed
their satisfaction with the performance of the ENLAZA.
Although they found it “easy to use”, some individu-
als showed signs of fatigue after a few minutes during
their first experiences with the device. This could be due
to muscle weakness, as no signs of fatigue were found
during the experiments. Nevertheless, we will include
the assessment of effort in future studies to complete a
validation of the usability. To gather a larger group of
participants with CP to take part in a series of system-
atic tests based on the traditional bi-directional tapping
paradigm would be desirable for more robust statisti-
cal significance. But this goal can only be achieved if
we succeed to integrate this kind of exercises into these
users’ daily routines.

5.5. Application of new input algorithms

The strategy of interaction with ENLAZA, absolute
control, is based on head posture and defines a direct re-
lation between head orientation and cursor movement.
The results of these experiments suggest that this strat-
egy together with the RKF are a usable solution for
most users with CP. However, we could implement new
modes of control based on velocity rather than orienta-
tion, as the one proposed by Rudigkeit et al. (2015). In



parallel to Rudigkeit, we have developed a relative con-
trol based on the angular velocity measured by the gyro-
scopes. Preliminary results show that even if the user is
leaning forward or backward due to muscle weakness,
he or she will still be able to move the mouse pointer by
small head movements. It is possible that those low val-
ues of R? estimated in this study could be improved if
those participants were using the relative control instead
of the absolute control. In future studies, the relative
control will be tested in users with cervical hypotonia.
The aim of these studies will be to compare the task
performance of the two possible control modes and to
assess the correlation with Fitts’s law.

6. Conclusion

This work contributed to the evaluation of Fitts’s law
on individuals with and without CP who used a head
mouse named ENLAZA. The participants with CP were
MACS IV-V and could not access the computer with
traditional pointing devices such as mice.

As expected, the movements of users without mo-
tor impairments followed Fitts’s law and we found a
good correlation for at least three users with CP (dys-
tonic, spastic and mixed). We also found a weaker
correlation for a participant with dystonic CP and in-
voluntary movements. Two users with dyskinetic CP
and decremented muscular tone showed no correlation
with Fitts’s law. These results encourage us to con-
tinue researching and developing new interaction tech-
niques and facilitation algorithms towards the design of
a universal interface for individuals with CP and other
motion-impaired users.
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Figure 5: Representation of MT-ID curves measured in the experiments with the interface ENLAZA for the CP group. The value of R? is an
indicator of the good correlation with Fitts’s law in 4 out of 6 users.
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