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Abstract—Head controls provide an dternative means of com-
puter access. This study determined whether neck movement
limitations are associated with reduced performance with such
head controls. This study also identified features of the cursor
movement path that could aid in assessing computer access limi-
tations. Fifteen subjects without disabilities and ten subjects with
disabilities recelved neck range of motion evaluations and per-
formed computer exercises using head controls. Reduced neck
range of motion was correlated with reduced accuracy (R? =
93.5%) and speed (R? = 79.5%) in icon selection. A model was
devel oped with the use of cursor positioning time and number of
velocity peaks to identify when a person was having difficulty
with target acquisition (kK= 0.81). Models such as thismay allow
head controls to adapt to a user’s needs, accommodating difficul-
ties resulting from neck range of mation limitations.

Key words: computer access, head controls, man-machine
systems, multiple sclerosis, spinal cord injury.

INTRODUCTION

Many people are unable to operate a standard computer
mouse because of disabilities affecting their hands or arms.
Head controls offer one dternative by alowing people to
use head movements to control the computer cursor. How-
ever, disabilities may affect movements of the head and
neck as well as movements of the hands and arms. Many
people with cervical spina cord injury (SCI) or spind
stenosis experience neck weakness as a result of damage to
the affector neurons for the neck muscles. In a study of a
head-operated robotic system, Stanger et d. found that the
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mean ranges of neck motion were lower for subjects with
SCls than for subjects without disabilities and that some
subjects with SCls had ranges of mation less than hdf the
mean for unimpaired subjects [1]. People with multiple
sclerosis (MS) may aso experience neck weakness, reduc-
ing their ability to make large head movements, or head
tremor, reducing their fine motor control [2]. People may
also acquire neck movement limitations because of second-
ary conditions, because of atreatment, such as spind fusion,
or because of the aging process. Neck range of motion limi-
tations can therefore result from damage to the cervical neu-
rons (SCI, spina stenosis, MS), muscles (atrophy in SCI or
MS), vertebrae (spinal fusion), or joints (arthritis).

Active neck range of motion is the number of degrees
through which a person can move his or her head in vari-
ous directions. Range of mation is measured in three
directions: (1) bending the head forward and backward
(flexion-extension), (2) turning the head left and right
(axid rotation), and (3) bending the head left and right
(lateral bending). Reduction in range of motion could limit

Abbreviations: ANOVA = analysis of variance, MS = multi-
ple sclerosis, SCI = spinal cord injury, SD = standard devia-
tion, VR = virtual reality.
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effective use of head controls. For example, if acomputer
head-control system is calibrated so that a person with
average range of motion can access the entire screen,
then a person with limited range of motion may be able to
access only a small portion of the screen. Without access
to head controls or a standard mouse, a person may have
to resort to slower, more inefficient methods or may give
up using acomputer altogether. Given our increasing reli-
ance on computers in the workplace and society, this will
limit the individual’'s ability to function independently,
maintain employment, and complete other tasks of daily
living.

To reduce fatigue, reductions in strength or endurance
may also make limiting the extent of head movements
desirable. Other symptoms, such as head tremor, can make
the precise selection of small targets difficult. This can also
limit functional computer use and can complicate attempts
to correct for range of mation limitations. For example,
simply increasing the head-control sengitivity not only may
dlow the person to move the cursor further across the
screen but also may reduce the ability to make small, con-
trolled movements to precisely select targets.

Another aternative method of computer access for
people with disabilities is voice recognition. While voice
recognition is an excellent means of text entry, it can be
an inefficient replacement for the mouse. Therefore, its
desirability may depend on the computer tasks that are
most important to the user. Furthermore, voice-recogni-
tion systems depend on the user’s ability to speak clearly
and consistently. This can be a problem for people who
have aphasia or use a ventilator. Even people who speak
clearly may need a backup system if their voice is tempo-
rarily affected by a cold or other illness, or by fatigue.

In addition to determining whether neck movement
limitations interfere with the use of head controls, deter-
mining how people's movement patterns change as a
result of neck movement limitations is also important.
Movement patterns during computer access often occur in
the context of target acquisition tasks—using the com-
puter cursor to acquire (or select) atarget (such as an icon
on the computer display). One model of human movement
during target acquisition tasksis Fitts' Law [3]. Fitts' Law
is frequently applied to hand movements. It aso has been
found to apply to head movements in computer control
scenarios [4—6]. However, in studying another interface
design model, the Model Human Processor [7], Keates et
a. found that parameters derived for people without dis-
abilities were not applicable to individuals with various

disabilities [8]. The parameters of Fitts Law may also be
different for people with disabilities.

Fitts' Law is associated with a three-phase model of
human movements [3,8,9]: (1) During the reaction phase,
the person perceives the target and initiates a movement;
(2) during the ballistic phase, the person performs arapid
movement toward the target; and (3) during the homing
phase, the person performs a slower, more controlled
movement directly onto the target. These three phases are
illustrated in Figure 1.

It is desirable to determine whether this three-phase
model of human movement applies to head movements
as well as hand movements. If so, the pattern may be dif-
ferent for individuals with disabilities. For example, a
person having difficulty with cursor movement may stop
short of the target and need to perform a second distinct
movement to reach the target, or he or she may overshoot
the target and need to reverse the direction of cursor
movement. Either of these situations would result in an
additional peak in the velocity profile, aside from the bal-
listic phase peak of the primary movement. Alternatively,
a person who has difficulty with precise movements may
spend an exceptional amount of time in the homing phase
attempting to maneuver the cursor onto the target.

Details of the cursor movement patterns may aso
provide the computer with information about how to
adapt to a particular user. In research on eye movements,
larger movement amplitudes are associated with higher
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Three phases of movement for a sample head movement: (a) reaction
phase, (b) ballistic phase, and (c) homing phase. Shown for distance
between cursor and target over time (left) and instantaneous cursor
velocity over time (right).
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peak movement velocities [10]. An analogous relation-
ship may exist for head movements. In the realm of func-
tional head movements for computer control, the peak
velocity would be the maximum instantaneous cursor
velocity resulting from a single head movement (e.g., the
peak in the rightmost plot of Figure 1). Movement
amplitude would correspond to the total distance traveled
by the cursor as a result of the same head movement
(e.g., the difference between the start and end points of
the leftmost plot in Figure 1). If the same relationship is
true for head movements as for eye movements and if the
relationship between movement amplitude and peak
velocity is consistent, then the magnitude and direction of
the peak velocity could be used to predict the eventual
movement amplitude.

This study analyzed head movements in the context
of two computer exercises. an icon selection task and a
tracking task. This study determined whether neck move-
ment limitations are associated with reduced accuracy or
speed for computer access tasks when a person is using a
head-control interface. This study also identified features
of the cursor movement path that could help assess and
remediate computer access limitations.

METHOD

Equipment

Subjects used a HeadMaster Plus™ head-control
system (Model HM-1P, 1994, Prentke Romich Company,
Wooster, Ohio) to perform computer exercises. In this
system, shown in Figure 2, the user wears a headset con-
taining three ultrasonic sensors. A stationary transmitter
on the computer sends an ultrasonic signal to these sen-
sors. Information from the three sensors is then used by
the transmitter to determine the location and orientation
of the user’'s head in space. The computer cursor is
moved across the screen as the user turns his or her head
up, down, left, or right. The HeadMaster Plus was
selected as a representative head-control system commer-
cially available at the time of the study.

A calibration procedure indicated that the HeadM aster
required a 75° of axia rotation to move the cursor hori-
zontally across the entire screen and a 47° of flexion-
extension to move the cursor vertically across the screen
[11]. The calibration procedure aso indicated that the
HeadMaster had again of 13.7 mickeys/° of head rotation,
where one mickey isone unit of mouse movement. For the
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Figure2.
HeadMaster Plus™ head-control system.

display settings used in this study (given in subsequent
paragraphs), this corresponds to 12.75 pixels/° of head
rotation, or 0.34 cm/°. The gain settings on both the Head-
Master and the Windows mouse control panel were con-
stant throughout the study. Note that distance is often
measured in pixels rather than centimeters in the results,
because the head-control system has a more direct rela
tionship between degrees of head rotation and pixels of
cursor movement than between degrees of head rotation
and centimeters of cursor movement.

The HeadMaster was connected to a personal com-
puter (PC) (Dell Computer Corporation, Round Rock,
Texas) running Windows 95 (Microsoft, Redmond,
Washington). For this study, we used a 14 in. monitor
(27.8 cm x 22.1 cm; Gateway 2000, Gateway, North
Sioux City, South Dakota) with a 1,024 x 768 pixel dis-
play. Pixel size for this monitor was 0.027 cm. A 14 in.
monitor was selected as atypical monitor size at the time
of the study. Visual C++ (Microsoft, Redmond, Washing-
ton) was used to write computer software, which pre-
sented two computer exercises and collected data on
subject performance.

The first computer exercise was a tracking task. We
chose this task primarily to measure the distance across
the screen for which the subjects could move the cursor.
We measured this distance to determine whether a sub-
ject’s physiological range of motion limitation resulted in
a functional range of motion limitation for computer
access, that is, alimitation in the accessible region of the
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screen. A tracking task was used in observing the sub-
ject’s ahility to access a continuous range of target posi-
tions across the screen, rather than discrete target
positions as in the icon selection task described shortly.
Thistask was not used to measure the dynamics of cursor
movement (i.e., the specific path taken by the cursor),
since this would be influenced by the unusualy sow
speed of the target (60 pixels/s, or 1.6 cm/s) and the
imposition of a specific straight-line path (an unusual sit-
uation in functional computer use).

In the tracking task, a circular symbol would first
appear at the center of the screen. The user would attempt
to move the cursor within this circle. Once the cursor was
selected by dwelling within the circular target, the target
would begin moving in one of eight directions. At this
time, the computer also began recording cursor position.
The user was instructed to keep the cursor within the tar-
get circle, or as close as possible. Once the target reached
the end of its path, it would disappear and a new target
would appear in the center of the screen. Each target
moved from the center of the screen to one edge of the
screen. The distance traveled by the center of the target
was 475 pixels (12.7 cm) for horizontal movements, 320
pixels (8.3 cm) for vertical movements, and 452 pixels
(11.7 cm) for diagonal movements. The target circle had
a radius of 0.75 cm (30 pixels). Each repetition of the
task included eight targets, one for each possible move-
ment direction. The movement paths were presented in
the same order for each trial, and this order was selected
initially with the use of arandom number table.

The second computer exercise was an icon selection
task. We chose this task to measure the subject’s speed
and accuracy for selecting targets on the screen. At the
beginning of an icon selection trial, a home circle would
appear at the center of the screen. The subject was
instructed to hold the cursor in thislocation. Once the cur-
sor remained in the home circle for 500 ms, atarget sym-
bol would appear elsewhere on the screen. At this time,
the computer also began recording cursor position. The
subject would move the cursor to the target and attempt to
hold the cursor within the target circle for 500 ms. If the
subject was successful, the target disappeared. If the sub-
ject was unsuccessful in selecting the icon, the icon disap-
peared in 10 s. In ether case, the computer recorded
whether the target was selected successfully, the time
elapsed from target appearance to target disappearance,
and the path taken by the cursor. The subject then
returned the cursor to the home circle at the center of the

screen. Once the cursor remained in the home circle for
500 ms, a new target appeared elsewhere on the screen.
Subjects selected the icons using the 500 ms “ dwell time”
so that the time to actually select an icon was constant,
without consideration of the time that would be required
to press a switch.

Icons appeared at one of three distances (2.7 cm,
5.3 cm, 8.0 cm, corresponding to 103 pixels, 206 pixels,
308 pixels) and in any of eight directions from the cen-
ter of the screen, for a total of 24 possible required
movements. Each repetition of the exercise included all
24 targets, presented in a random order. The targets and
home circle all had a radius of 0.75 cm (30 pixels).

We measured subjects active neck range of motion
using a magnetic tracking/virtua reality (VR)-based sys-
tem (Figure 3). As described shortly, thisrange of motion
assessment was performed separately from the computer
tasks described previously to avoid interference between
the tracking system and the head-control system. Mag-
netic sensors (Flock of Birds™, Ascension Technologies,
Burlington, Vermont) attached to the head and torso
enabled measurement of the trandational and rotational
movements of the head with respect to the torso. Visual
feedback regarding the rotational movements was pro-
vided to the subject using VR glasses (Virtua i-OTM
Personal Viewing Glasses, Virtua i-O, Sesttle, Washing-
ton). A visua interface developed with Visual Basic 5.0
(Microsoft, Redmond, Washington) and viewed through
the VR glasses simulated a virtual environment in which
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Figure 3.
Magnetic tracking/virtua redity (VR)-based system consists of a
magnetic tracking system, head-mounted display (VR glasses), and
programmable visual interface, operating under control of a personal
compulter.
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the subject is seated within a large wire-mesh sphere.
Crosshairsin the foreground of the display moved against
the wire-mesh background according to the movements
of the head relative to the torso. The subject then per-
formed specific head rotation movements. The movement
of the crosshairs along the background reflected these
movements. This system has been shown to help subjects
perform standardized movement patterns, therefore,
assisting in a standardized measure of active neck range
of motion [12]. We defined neck rotations by applying the
conventions of Chao and Grood and Suntay to the head-
torso system [13,14].

Subjects

Fifteen subjects without disabilities (mean age
23.8 years, standard deviation (SD) 6.2 years) participated
in this study. Six subjects were male and nine were
female. Ten subjects with physical disabilities (mean age
46.5 years, SD 19.4 years) participated in the study. Six of
these subjects had M S, three had sustained cervical SCls,
and one had experienced spinal stenosis. Five of these
subjects were male and five were female. Subjects were
selected based on self-reported neck movement limitation.

Three subjects without disabilities had limited prior
experience with head controls (two in assistive technology
equipment demonstrations, one in a VR game). One sub-
ject with disability had previously used a head-operated
power wheelchair. Otherwise subjects were novice head-
control users. Subjects without disabilities had between
5and 16 years experience as computer users (mean
11.2 years); subjects with disabilities had between 0 and
30 years experience as computer users (mean 6.4 years).

Protocol

Each subject attended two sessions. During thefirst ses-
sion, the subject received a neck range of motion evaluation
using the magnetic tracking/VR-based system described
previoudy. The evaluation measured neck range of motion
for flexion-extension, axia rotation, and latera bending.
Subjects performed three repetitions of each movement pat-
tern. For each repetition, the subject was asked to move his
or her head as far as possible without discomfort in one
direction, hold this posture for 3 s, then move as far as pos-
sblein the other direction for 3 s.

The second session took place between 3 and 14 days
after the initial session. During the second session, each
subject used the HeadMaster head-control system to per-
form the computer exercises described previously. The

subject was seated with his or her face 60 cm from the
computer monitor. The investigators encouraged a con-
stant viewing distance to avoid a confounding effect of
viewing distance as described by Schaab et a. [6], but
most subjects did shift position during the course of the
trials.

The subject first had the opportunity to practice using
the head controls for as long as the subject wished, up to
15 min. Once the subject was comfortable with the inter-
face, she or he performed the exercises. The subject per-
formed four repetitions of the tracking task, followed by
16 repetitions of the icon selection task. Three subjects
with disabilities completed fewer than 16 icon selection
repetitions because of fatigue and time constraints. These
subjects completed 7, 10, and 13 icon selection sets. Two
subjects without disabilities and two subjects with disabili-
ties tended toward longer capture times for their final two
sets, which could indicate fatigue. However, these
increases in capture time were not significant. Rest periods
were provided after the first and fourth tracking sessions,
after thefirst icon selection session, and subsequently after
every third icon selection session.

During data analysis, one-way analysis of variance
(ANOVA) was conducted across icon selection trials for
each subject so as to examine this data for learning
effects. If the results showed significant differences in
icon selection time based on trial (p < 0.1), the differ-
ences were assumed to be caused by learning effects. The
earliest set was therefore removed from consideration.
This procedure was repeated until AVOVA showed no
significant differences (at the p = 0.1 level) between sets.
The remaining data were used for further analysis.

RESULTS

Range of Motion

The results of the neck range of motion evauations
are shown in Figure 4 and Table 1. Ranges of motion for
subjects without disabilities are within the norma range
based on previous literature [15]. Subjects with disabilities
tended to have lower ranges of motion for al three-move-
ment patterns (Table 1). The results aso indicate a higher
variability in the ranges of motion among people with dis-
abilities, compared to the subjects without disabilities.
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Neck range of motion. For each boxplot, top and bottom of vertical
line mark highest and lowest ranges of motion, while top and bottom
of box mark 75th and 25th percentiles. Horizontal line within box
marks mean range of mation.

Computer Exercises

Results of the computer exercises are summarized in
Table 2 and Figure 5. For the icon selection task, two
performance measures (accuracy and selection time) are
shown. Accuracy refers to the percentage of target icons
presented in the icon selection task that were successfully
selected. Selection timeis defined here asthe time from a
target icon’s appearance until the cursor moved onto the
target, immediately before selection. It does not include
the 500 ms “dwell time” during which the cursor pauses
on the icon to select it. For the tracking task, one perfor-
mance measure is shown (distance across screen). “Dis-
tance Across Screen” refers to the distance across the
screen traveled by the cursor, as a percentage of the dis-
tance traveled by the target. This measurement only
accounts for the maximum excursion of the cursor in the
direction of target movement, without regard for how
precisely it followed the target path.

The results indicate that people with disabilities
tended to have lower accuracy and longer selection times

for the icon selection task. Further, their cursor move-
ments were shorter for the tracking task. These differ-
ences appear to be significant for accuracy and icon
selection time, but not for distance traveled in the track-
ing task. Significance scores for Mann-Whitney tests are
givenin thethird row of Table 2.

The results also show a higher variability among
individuals with disabilities. Some individuals with dis-
abilities had performance measures comparable to sub-
jects without disabilities, while others had considerably
reduced accuracy and speed. The high variability seen in
the performance of people with disabilities may be
related to the variability already seen for neck range of
motion. Therefore, we used regression anaysis to ana-
lyze the correlation between neck range of motion and
these performance measures. A linear scale was used for
the performance measures and a logarithmic scale for the
range of motion data. The R? values resulting from
regression analysis (Table 2, rows 4 through 6) indicate a
relationship exists between decreased range of motion
and decreased accuracy, increased icon selection time,
and decreased distance traveled. These relationships are
true for both flexion-extension range of motion and axial
rotation range of motion. Performance measures do not
correlate as strongly with neck lateral bending range of
motion. This regression analysis assumes a hormal distri-
bution of the data; the applicability of this assumption is
reduced by the small subject population and the high
variability of the data for subjects with disabilities.

Although a relationship was found between reduced
range of motion and reduced accuracy and speed with the
head controls, 6 of 10 subjects with disabilities had at
least the minimum range of motion required to use the
head controls (75° of axia rotation and 47° of flexion-
extension). These subjects tended to have higher accuracy
and speed than individuals with less range of motion, but
they ill had lower accuracy and higher icon selection
times than subjects without disabilities (p < 0.05).

Axial Rotation Lateral Bending

Table 1.
Neck range of motion.

Satistics Flexion-Extension
Mean + SD (Without Disability) 118.4° + 15.0°
Mean + SD (with Disability) 59.3° + 32.23°
p Value for Effect of Disability 0.0002

137.9° + 13.6° 87.4° +10.6°
85.6° + 39.7° 36.9° + 30.4°
0.0025 0.0005

SD = standard deviation
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Table 2.
Results of computer exercises.

Performance M easures Accuracy Selection Time(s) Distance Across Screen
Mean + SD (without disability) 99.93% =+ 0.14% 1.18+0.12 99.77% + 3.14%
Mean + SD (with disability) 83.23% + 26.45% 274+ 125 90.46% + 19.72%
Si gnificance* 0.0017 0.0008 0.1018
R? for Axial Rotation ROM 86.0% 68.6% 86.7%
R? for Flexion-Extension ROM 93.5% 79.5% 85.3%
R? for Lateral Bending ROM 48.0% 45.0% 48.7%

*Based on Mann-Whitney tests.
SD = standard deviation
ROM = read only memory
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Results of computer exercises. For each boxplot, top and bottom of
vertical line mark highest and lowest ranges of motion, while top and
bottom of box mark 75th and 25th percentiles. Horizontal line within
box marks mean range of motion.

Fitts Law

Previous research has indicated that Fitts Law
appliesfor head as well as hand movements [4-6]. There-
fore, we analyzed the data for this study using Fitts' Law.
True Fitts' Law analysis was not possible, since the target
size was a constant and not variable in this study. How-
ever, the effect of movement distance on movement time
was analyzed. Using regression analysis on data for half
the subjects without disabilities resulted in a model with
Fitts Law slope equal to 0.30 s/bit. Predictions from this
model were compared to actual movement times for the
remaining subjects without disability, leading to a 27 per-
cent mean error. Model predictions were also compared to
movement time data, resulting in a 49 percent mean error.
Fitts Law models that were developed using data from

subjects with disabilities led to a 36 percent mean error.
Thisanalysisis described in more detail elsewhere [11].

Movement Patterns

For subjects without disabilities, cursor movements
appeared to fit the three-phase model observed for
mouse-controlled cursor movements, with reaction, bal-
listic, and homing phases (Figures 1 and 6). The three-
phase model also tends to apply for subjects with disabili-
ties, but these subjects spent more time in each phase
(Figure 7 and Table 3). Subjects with disabilities were
also more likely to have more than one peak in the move-
ment velocity profile (p < 0.01), as shown in Table 3 and
illustrated in Figure 8.

For the velocity profilesin Figures 6 to 8, instanta-
neous velocity was defined as

V. = «/(Xi _Xi—1)2 + (Y, _Yi—1)2

i T )

where V; = instantaneous velocity at samplei, X; = horizon-
tal cursor position at samplei, Y; = vertical cursor position
a sample i, and T = sampling period. The reaction time
was defined as the time between atarget icon’s appearance
and the time when the instantaneous velocity exceeded
one-half the maximum instantaneous velocity for the
movement or 138.1 pixels/s (3.68 cm/s), whichever was
less. The homing time was defined as the time from the end
of the first velocity peak until the target icon was selected.
The end of the first velocity peak was defined as the time
when the instantaneous vel ocity became less than one-half
the maximum velocity or 147.1 pixels/s (3.92 cm/s),
whichever was less. The velocity thresholds 138.1 pixels/s
for reaction time and 147.1 pixels/s for homing time were
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(a) Distance from target and (b) velocity profile for one path for one
subject without disability.
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(a) Distance from target and (b) velocity profiles for one path for one
subject with disability.

derived from the instantaneous velocities during these
phases across subjects. Each threshold represents velocity
mean + SD during that phase.

Bayes Theorem was used to model the differences
between subjects with and without disabilities. The model
was derived with the time spent in the homing phase and
the number of velocity peaks for eight subjects without
disabilities and five subjects with disabilities. A multi-
variate normal distribution was assumed for both the
number of velocity peaks and the homing time. Accord-
ing to this analysis, cursor paths for individuals without
disabilities typically had fewer than four velocity peaks
and less than 1.7 s spent in the homing phase. Cursor
paths with four or more velocity peaks or morethan 1.7 s
in the homing phase were typically associated with indi-
viduals having disabilities. This model was tested for the
remaining seven subjects without disabilities and five
subjects with disabilities. The proportion of cursor paths
classified asindicating disability was 4.9 percent for sub-
jects without disabilities and 39.0 percent for subjects
with disabilities.

A further analysis compared the decision boundary
given previoudy, using homing time and number of veloc-
ity pesks, to a definition of nonoptimal movements using
overall selection time and accuracy. A movement was clas-
sified as nonoptimal if the target was not selected or the
selection time was more than 2 SDs above the mean selec-
tion time for subjects without disabilities (i.e., movement
time greater than 2.10 s). The Bayesian mode predicted
actud icon acquisition and speed problems based on this
definition of nonoptimal movements with an accuracy of
94.0 percent and x = 0.81, indicating an excellent level of
agreement [16]. The Bayesian model misclassified nonopti-
mal movements as not indicating difficulty with amissrate
of 17.7 percent and misclassified norma movements as
showing difficulty with afalse positiverate of 3.0 percent.

Movement Amplitude and Peak Velocity

We aso anayzed movement velocity relative to
movement amplitude. The peak velocities for each of the
three movement amplitudes used in the icon selection task
aregivenin Table 4. Paired t-tests across subjects indicate

Table 3.
Velocity characteristics. All differences shown between subjects with and without disabilities are significant (p < 0.01) according to Mann-
Whitney tests.
Characteristics Subjects Without Disabilities Subjects with Disabilities
Reaction Time 0.39+0.04 0.60+ 0.15
Timein Bdlistic Phase 0.32+0.04 0.74+0.41
Time in Homing Phase 0.86 + 0.08 1.75+0.78
Number of Velocity Peaks 1.75+0.23 2.72+0.86
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Figure 8.

(a) Distance from target and (b) velocity profiles for one path for one
subject with disability.

Table 4.
Peak cursor velocity during an icon selection movement for each of 3
movement distances, for all subjects. Values are given as mean + SD.

Movement Amplitude Peak Velocity
(cm) (pixelg/s)
2.67 522.9+279.2
53 874.7+564.4
8.0 1151.8 + 822.9

that peak velocities for 5.33 cm movements are higher
than peak velocities for 2.67 cm movements (p < 0.01),
and peak velocities for 8.0 cm movements are higher than
peak velocities for 5.33 cm movements (p < 0.01). We
used data from eight subjects without disabilities and five
subjects with disabilities to define decision boundaries
among these three movement amplitudes. We derived the
decision boundary using Bayes' Theorem and assumed a
normal distribution for peak velocity. Three outliers (with
peak velocity greater than 10,000 pixels/s) were omitted,
leaving 1,829 samples. According to this analysis, a peak
velocity less than 566.8 pixels/s (15.1 cm/s) corresponds
to a short movement amplitude, a peak velocity between
566.8 pixels/s and 1131.5 pixels/s (30.2 cm/s) corresponds
to a medium movement amplitude, and a peak velocity
greater than 1131.5 pixels/s corresponds to a large move-
ment amplitude.

We tested this model for the remaining seven subjects
without disabilities and five subjects with disabilitiesusing
peak movement velocity to predict total movement ampli-
tude. The model correctly predicted movement amplitude

for 52.9 percent of cursor paths for subjects without dis-
abilities (x = 0.29), and correctly predicted movement
amplitude for 46.9 percent of cursor paths for subjectswith
disabilities (x = 0.20). With x values under 0.40, these
results indicate a fairly poor predictive power [16]. To
account for the variability between subjects, individual
models were defined for each subject’'s relationship
between peak movement velocity and movement ampli-
tude. We derived these models using half the data for the
subject and tested using the remaining data for that subject.
Percent error for these models ranged from 34.7 percent to
64.3 percent (mean 48.1 percent) with values between 0.04
and 0.46 (mean 0.27), so the accuracy of the models was
still poor to moderate.

DISCUSSION

Subjects with disabilities demonstrated reduced range
of motion scores when compared to subjects without
disabilities. The data show a relationship between these
neck movement limitations and reduced performance with
computer head controls. Reduced neck range of motion
was strongly correlated with reduced accuracy and speed
on icon selection tasks and with a reduced distance trav-
eled across the screen for tracking tasks (Table 2). The
correlation was weaker for lateral bending range of
motion, but most likely, axia rotation and flexion-exten-
sion are used more frequently than lateral bending in the
use of head controls. The reduction in accuracy and the
increase in icon selection time were most significant for
subjects with range of motion less than 75° for axia rota-
tion or less than 47° for flexion-extension. However, even
subjects who appeared to have sufficient neck range of
motion to perform the trials had reduced accuracy and
longer icon selection times.

The prevalence of reduced neck range of motion in
this study does not characterize the general population of
peoplewith MS or SCI. The primary goal of this study was
to invedtigate the effects of range of motion limitations on
computer head-control use, rather than the effect of a par-
ticular disability on head-control use or the prevaence of
range of motion limitations within particular disability
populations. Therefore, the study was directed toward
recruiting people who have neck movement limitations.
While these results do not indicate the prevalence of neck
movement limitations, they do indicate the degree of
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limitation that people with these disabilities may experi-
ence. These results support previous literature [1,2].

One limitation of this study is the variability within
the subject population. Subjects without disabilities
tended to be younger and to have more computer experi-
ence than individuals with disabilities. Either of these
factors could have influenced performance. In particular,
age has been shown to affect range of motion [17].
Among subjects with disabilities, three different diag-
noses were represented (M S, SCI, and spinal stenosis) in
addition to a large variance in age and computer experi-
ence. Although our study was directed toward the effect
of range of motion limitations regardless of the source of
the limitation (e.g., particular disability or the aging pro-
cess), the variance within subject populations for factors
other than range of motion (e.g., spasticity, endurance,
computer experience) could have had a confounding
effect on the results. Also, fewer subjects were recruited
in the disability group because of the difficulty of recruit-
ing subjects who met the inclusion criteria and who were
able to travel to the experimental site. The small sample
size also limits the applicability of regression analysis
and Bayesian models, which assume a normal distribu-
tion of data. In the future, investigations should include
data collected from a larger pool of subjects so as to
reduce the effect of such confounding factors and to ana-
lyze the effects of different neck movement limitations
(e.g., fine motor control limitation as well as range of
motion limitation).

The computer access difficulties that subjects with
disabilities experienced were reflected in their cursor
movement paths and velocity profiles. Subjects with dis-
abilities had longer reaction times and spent moretimein
both the ballistic and homing phases of movement com-
pared to subjects without disabilities. Also, subjects with
disabilities had more peaksin their velocity profiles, indi-
cating episodes of rapid acceleration. These velocity
peaks are associated with one of two events:. (1) stopping
short of atarget and then accelerating toward the target a
second time or (2) moving past the target and then chang-
ing directions.

Analysis of these movement patterns could provide
information about the difficulties that individuals using
head controls face. Persons who frequently stop short of
targets or overshoot targets may have difficulty control-
ling the cursor. Extra peaks in the velocity profile could
indicate either of these problems. Someone who spends
extra time in the homing phase of movement but moves

smoothly without extra acceleration events may ade-
quately control the cursor but move more slowly than
others.

People with these different problems may benefit
from adjustments to their head-control systems that spe-
cifically address their problems. People with smooth but
sdow movements may simply need increased cursor
speed or acceleration. People who are able to move
quickly but who have difficulties with fine motor control
may benefit from a reduced gain or filtering of the head-
control signal. These options are available to varying
degrees in existing head-control systems and can be
implemented by people with disabilities. Consumers may
benefit from greater support in understanding and apply-
ing these features in ways that are appropriate to their
needs. More recent research by the authors indicates the
importance of selecting an appropriate head-control gain
for user performance [18].

Greater problems will exist for people who have
combined difficulties. Someone with range of motion
limitations may need an increased cursor gain to reach all
areas of the screen. However, if the individual also has
reduced fine motor control, an increased gain could ren-
der the cursor uncontrollable. Even with advanced fea-
tures available in some current head-control systems,
some people find them difficult or impossible to use.
Devices with improved filtering algorithms may help
solve this problem. For others, appropriate head-control
parameters may be available but difficult to find with a
trial-and-error process. Therefore, a more desirable situa-
tion may be for the head-control system to measure the
person’s performance and to predict appropriate parame-
ter settings. This will require an accurate model relating
the user’s performance to appropriate parameter settings
to improve performance. If appropriate settings are not
available by current means and the user is unable to move
the cursor to his or her desired target location, a more
desirable situation may be for the head-control system to
predict the user’s desired target locations based on his or
her attempted movements and to automatically move the
cursor to that position. This will also require an accurate
model of the user’s goals.

For the datain this study, Fitts' Law did not appear to
provide a good model for subjects with disabilities. Addi-
tional models were derived to predict a user’s goas and
difficulties based on features of the movement path. The
first model used Bayes Theorem to classify whether a
person had a disability based on the person’s time spent in
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the homing phase and the number of peaksin the velocity
profile. The proportion of cursor paths classified as indi-
cating disability was 4.9 percent for subjects without dis-
abilities and 39.0 percent for subjects with disabilities.

A goal for such amodel wasto predict whether a user
is having difficulty with use of the computer, rather than
simply whether the user has a disability. For this prelimi-
nary model, the assumption was (based on the observa-
tions from this research) that users with disabilities were
also those who were having more difficulty. A further
analysis compared this decision boundary to a definition
of nonoptimal movements using overall selection time and
accuracy. The model predicted actual icon acquisition and
speed problems with an accuracy of 94.0% and x = 0.81.
A model predicting difficulty based on movement patterns
is more useful than simply measuring accuracy and move-
ment time. This is because accuracy and movement time
measures require knowledge of the desired target location
and so would not be as useful in automatic recognition of
movement difficulty. Accuracy and movement time also
do not provide as much detail about the difficulty that a
person might be experiencing.

An additional model attempted to predict movement
amplitude based on peak instantaneous velocity during a
movement pattern. The results of this study indicate that
larger movements use higher peak velocities. The vari-
ability in peak velocity for each movement amplitude,
both between and within subjects, prevents the use of
peak velocity as a predictor of the desired movement
amplitude (x < 0.5). The peak instantaneous velocity can
still provide some information about a user’s goals dur-
ing a computer access task. Together with other move-
ment features identified as desirable, adjustments to a
head-control interface may be useful. Further develop-
ment of these models could lead to head-control systems
that can better address the needs of users with advanced
disabilities.

CONCLUSION

A study was conducted to analyze head movements
in the context of two computer exercises: an icon selec-
tion task and a tracking task. The results of this study
indicate that reduced neck range of motion is related to
increased difficulty of computer head-control use. This
finding is shown by arelationship between reduced range
of motion and both reduced accuracy and longer selection

times for an icon selection task, and reduced distance
traveled across the screen for a tracking task. Subjects
with disabilities were also found to have longer reaction
times, spend more time making fine adjustments to cur-
sor position (indicated by increased time in the homing
phase), and spend more time accelerating and decel erat-
ing during a single movement (indicated by increased
time in the ballistic phase and an increased number of
velocity peaks).

A number of head-control systems are now on the
market (Table 5). These systems have different sensitivity
options, and required ranges of motion are not known for
each system. Research conducted with both the HeadMas-
ter Plus and the Tracker 2000™ (Madentec Inc., Edmon-
ton, Alberta, Canada) showed no significant difference
between devices in performance by people with disabili-
ties [19]. Some of these devicesinclude filtering and gain
adjustment options that allow greater adjustability and
improve usability for some people with neck movement
impairments. The results of this study could help device
manufacturers further refine these options and help users
select appropriate adjustment settings.

Table5.
Commercially available head-control devices.
Device Manufacturer Description
HeadMaster ~ Prentke Romich Company Ultrasound
Plus Wooster, Ohio head control
Tracker Madentec Inc. Infrared
2000 Edmonton, Alberta head control

Canada

HeadMouse  Origin Instruments Infrared
Corporation head control
Grand Prairie, Texas

TracklR Natural Point Infrared
Corvallis, Oregon head control

Point! Alfaab Research, Inc. Infrared
Beaumont, Alberta head control
Canada

Tracer Boost Technology Gyroscope
San Francisco, California head control

Jouse Prentke Romich Company Head-operated
Wooster, Ohio joystick

QuadJoy SEMCO Head-operated
Cleveland, Wisconsin joystick
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Some people are still unable to use current head-con-
trol systems or have difficulty selecting appropriate set-
tings. These individuals may benefit from a system that
can help them adjust to their needs or can automatically
adjust to the needs of a particular user. Analysis of cursor
movement features may help head-control users and cli-
nicians adjust head controls. A model was derived that
attempts to predict whether a user is having difficulty
based on features of the movement path (time spent in the
homing phase and the number of peaks in the velocity
profile). Ultimately, models based on cursor movement
features may allow the computer to automatically adjust
parameters such as the head-control sensitivity to aid a
particular user. Features such as the time spent in the
homing phase or the number of velocity peaks could be
measured by the computer without the user’s target loca-
tion known beforehand. This function could alow the
computer to recognize when a person is having difficulty
using his or her head controls. Further analysis of the fea-
tures might allow the computer to choose appropriate
adjustments.

Based on the results of this study, software is being
developed to compensate for neck range of motion limi-
tations. This software will incorporate adaptive tech-
nigues to alow head controls to automatically adjust to
the needs and abilities of the user. This software will be
evauated in a series of user trials, which will determine
whether it is effective in making head controls more
usable for people with neck movement limitations.
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