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ABSTRACT project in augmentative communications. CANB6verall

The Tailor project allows physically disabled users to pro- goal is to provide a conversational speech prosthesis; a
vide real-time analog input to computer applicatione W detailed description of which is beyond the scope of this
use a Polhnemus™ tracking device and create a custom taipaper [Pausch92, Girson]. Our initial dat population is
lored mapping from each userbest range and type of children with Cerebral Palsy (CP), but individuals with
motion into the analog control signal. The application is a many other disabilities, such as ParkinspMuscular Dys-
simple video game based ®ong where the analog input trophy (MD), Multiple Sclerosis (MS) and stroke could ben-
controls the position of the playsmpaddle. A group of able-  €fit from our approach.

bodied S”(?jeCtS was able to correctly hit the ball with the 1p¢ (555 of applications we are examining consists of those
paddle 77% of the time, and a comparison group of childreny,5¢ can be driven by two simultaneous analog control sig-
with Cerebral Palsy performed at the 50% level. More than 15 and possibly an associated dngsfitch. All mouse-

half the disabled users were able to perform at a higher level, ;<o interfaces fall into this categofyur approach is

than the worst able-bodied user calledpassive trackig, a method that detects body motions
KEYWORDS by means of sensors worn by the u¥ée then translate the
gesture input, disabled, handicapped, user study detected motion into the analog signals that drive the appli-
cation. As an interim goal, we are currently producing a
INTRODUCTION i . . . one-dimensional analog control signal from our users. This
The goal of the dilor project at the University ofikginiais  gjlows us to gain experience mapping arbitrary user motions
to allow disabled users to drive compbmalsed applications _in a simpler realm than the two dimensional case.
through the use of analog control signals. For example, with__ o o
two analog control signals, one for X and one fpaYiser This paper presents both gquantitative and quahtatlvg results
can smoothly move a screen cursiiole-bodied users eas- fr(_)m our first user stud_yvhlch measures how WeII_ch|Idr¢n
ily perform analog tasks, but many disabled users lack thewith CP use tailored interfaces to play a real—tlm_e video
manual dexterity to control devices such as mice and joy-9@me based on the arcade gaRwng We use a single
sticks. The ilor project recognizes that many disabled Player game: by moving a paddle, the user attempts to keep
users havesomerepeatable, controllable range of motion, & bouncing ballin the field of plag players score is a per-
but that it does not correspond to any existing physical inputcentage computed from the number of successful blocks
device. Imagine, for example, an individual who could not divided by the number of opportunities. In addition to our
easily move his elbow away from his waist, but could move desire for experience with our approach, we ran this user
his wrist towards or away from his chest. Such an individual Study to demonstrate that with an appropriate input mecha-

is capable of generating a useful control signal, but no exist-NiSM, our taget population could control a real-time task
ing physical device exists to interpret it. such as a video game. As a benchmark, we compared how

) ) ] our disabled subjects did with the scores of non-disabled
Tailor's long term goal is to generate an interface for eachgpjects. Our original hope was that if disabled children
user WhICh WI.|| allqw him to prc_)duce re_al-t|me analog con- ere provided with an appropriate input mapping, they
trol signals with his best physical motion [Pausch90]. Our yoy|d “not lose too badly” when compared to their non-dis-
long term motivation comes from the CANDEdmmuNI-  apled peers. In fact, the disabled children exceeded our
cationAssistance tdlegateDisabilities inYouth) project at  expectations. Non-disabled subjects averaged 77% success-
the University of Vfginia, which is an ongoing research | returns, and disabled subjects averaged 50%. More than

half of our disabled subjects performed better than our worst

able-bodied subject. &/find this astounding, especially
submitted to the 1992 ACM SIGCHI Human Factors in considering that this was the first time our subjects with CP
Computer Systems Cordace had ever experienced this sort of interactive control.



We begin by explaining our approach to motion map-
ping for one dimensional analog signalse Wthen
describe the user studpcluding useful information we o/
gained from early pilot studies. After giving a detailed
presentation of the results, we discuss several issues tt
were raised by the performance of this user study

RELATED WORK ON PASSIVE TRACKING

When interfaces based on physical devices are probler oo

atic, an alternate approach is to passively track th o

usefs body motions. The most obvious advantage o . .
this approach is that we can tailor the interface to eac  User Moves Wrist User Moves Wrist
individual’s best range of physical motion. Another BY Pivoting Elbow Forward and Backward
advantage is that no strength is required to move a phy
ical switch. For the CP communignother advantage is  Figure1: Target Curves
that less coordination is required; with a physical inter
face, the user much first contact the device, and the
move it in some wayThe final advantage is that a soft- vide three-dimensional signals that are mapped into
ware interface based on motion tracking can be adaptemotions in synthetic worlds shown on traditional or
over time to account for improvement and/or fatigue. head-mounted displays. These systems perform map-
Epings from position and orientation information, but the

motion. Eye-tracking is not appropriate for our applica_mappings are significantly less complicated than those

tion for several reasons. First, over 50% of cerebral paWe Propose.

sied individuals have eye movement disordersMAPPING TECHNIQUE

[Wolraich]. Second, using eye-tracking for the long terrmMapping consists of two basic phases, the collection
goal of CANDY, a speech synthesizemnakes it impossi- phase and the control phase. To#ection phaseleter-

ble to maintain eye contact or receive visual stimulatiormines the comfortable and preferred motions for the
while speaking. Third, many disabled users are pocuser Thecontrol phaseperforms real-time mapping of
candidates for eye-tracking because they tend to mowser motion based on a mapping function created from
their heads. the data obtained during the collection phase. Our cur-

Gesture recognition has a long history in many context€Nt Mapping approach is basedtarget curvesand
allows users to control a device requiring one analog

but most research has focused on converting continuot . A9 .
body motion into discrete tokensw@-dimensional ges- INPUt parametein this example, the “device” is a verti-
ture recognition has been used for printed lettering, cuiC@l Slider on a graphical display which can be moved up
sive handwriting, proofreadearsymbols, and shorthand @1d down. During the collection phase, the user is
notation. In all cases, the approach is to convert the colStructéd to move the tracker in any manner that is
tinuous motion of a stylus into a discrete token as inpucomfortable, while we collect position data from the
to a language-driven computation or process. RecognSeNSOrs: During this time, the user receives no visual or
tion of three-dimensional gestures has also beeduditory feedback from the system.

attempted, but again the main emphasis has been For example, assume that the user had a tracker attached
converting the body motions into discrete symbols thato a wrist, and was told to keep his hand on a horizontal
are interpreted as commands to the system [Bolt, Buxtable during the measurement. Thideefively con-

ton]. Systems have attempted to recognize static gestrains his motion to two dimensions. Based on the on-
tures for the deaf alphabet and motions for a subset screen display of this raw data, the therapist creates a
American Sign Language. All of these approaches arpiecewise linear curve though the data, corresponding to
based on converting three-dimensional signals into a dominant path of motion made by the user during the
discrete stream of tokens. control phase. This is done by invoking a heuristic,
manually specifying the curve, or a combination of
both. All taget curves used in this user study were man-
ually specified. Figure 1 shows typical collection of
sampled tracker data and the resultamgfeiacurves. The
first user pivoted his wrist around his elh@nd the sec-
ond moved his wrist forward and backward.

One alternative to tracking body motion is to track ey

Existing work on mapping gesture into continuous con
trol signals is extremely application dependent. Foi
example, advanced military systems exist which maj
pilot head motion into weapon trajectories. The lot’
faceshield contains fgeting crosshairs, and as the
pilot's helmet moves with his head, the system com
putes the angle of his gaze [Furness]. More detaileDuring the control phase, the user moves the tracker
tracking is performed in three dimensional drawing oralong the taget curve and from his position along that

sculpting applications [Schmandt], and virtual realitycurve, we generate an analog signal. One end of the
systems, where sensors attached to gloves [Foley] prcurve indicates 0 percent of this signal and the other end



indicates 100 percent. Intermediate positions along th
target curve indicate intermediate signal values and th
signal generates visual feedback on & Ckhe user is

not expected to move the tracker precisely along th
curve; we map tracker data to the nearest point on tt
target curve, as shown in Figure 2. Although in the pre
vious example we limited the usemotions to a table

surface, taget curves, in general, are three dimensional.

DESCRIPTION OF THE USER STUDY

Our goal was to measure how well disabled childrer
could control a real-time, one dimensional analog sig
nal. While our long term goal is to drive a speech syn
thesizer we chose to use visual rather than aura
feedback. W could have played a tone and had our sub
jects play a second tone, attempting to match the pitcl— - - —
but this proved unwieldy in early trials. Simple visual Figure3: Vertical and Horizontal Games. An “X
feedback, such as moving a slices shown in Figure 2, marks the position where the ball begin:
quickly bored the children. ¥/decided to use a video
game because it held the childeiriterest and because
it made our scoring mechanism obvious.

a two-dimensional perception and planning task in order
to anticipate where to move the paddle. Many people
have the incorrect impression that children with CP are
The game was a simple variation on original arcadall mentally retarded. While the incidence of retardation
video game, Pong. A ball bounced tfe walls of a is higher in the CP population (50%-65%) dWéich]
square playing field, making a pleasant beeping noise than in the general population, many children with CP
it contacts each wall. The player defends one of thare not retarded. By using this two-dimensional game,
walls, attempting to block the ball with a paddle beforewe make the point that our ¢t population has the
the ball reaches the wall. As shown in Figure 3, eaclplanning and cognitive skills necessary for the eventual
child moves the paddle either verticallefending the two-dimensional version of theailor system.

right wall, or horizontallydefending the top wall. On a
successful defense, the ball bouncdsla# paddle and
play continues. If the player fails to block the ball with
the paddle, it reaches the wall behind the paddle and
less pleasant buzz is sounded. The game pauses for t
seconds and then puts a new ball into play at the pos
tions marked with an “X” in Figure 3. In order to avoid a
lock step pattern of motion, each time the ball contact
the paddle or a wall, its angle of reflection is a slight
variation of its angle of incidence.

The most dificult question was how to evaluate the
effectiveness of our mappings. One design might have
been to compare subjects with CP using a traditional
input device such as a joystick, with a group of subjects
using the @ilor system. This would have been pointless,
since we know that our @et population cannot use tra-
ditional input devices. What we were really interested in
measuring is how well our mappings could compensate
for disability; how well would a child using our system
do in comparison to an able-bodied child of the same
One major advantage of using this particular videcage? Therefore, we compared a group of able-bodied
game as our task is that, although control of the paddichildren to a group of children with CP who had their
is one dimensional, the player needs to quickly perforninput mapped by thedllor system. One problem with
this approach is that if we allowed able-bodied children
to use physical devices, such as joysticks, we would also
100% be comparing the performance of the input devices
involved. The Polhemus tracker is not as accurate a
device as a joystick; more importantthere is a hard-
ware latency of approximately 85ms [Liang] which
39% makes the game noticeably harder to play

100%

39%

In order to keep the tracker lag from dominating our
0% 0% results, we had our able-bodied subjects use the Polhe-
mus and &ilor-mapping software. Of course, the tai-

. lored mappings are unnecessary for the able-bodied
Video Feedback users; they can adapt easily to any reasonable physical
motion. By having both groups use the system, we dis-
covered how big a disadvantage it is to have—ttiow
badly are the users disabled when we compensate by
allowing them to use their best range of motion. The
only remaining issue was that our able-bodied users,

Tracker Space

Figure2: Tracker Space to Device Space. The gi
dot is a use'ls position. The black dot is
the point on the target curve closest to tl
current position.




having grown up in Nintendo generation, clearly hadnate the need for this by switching to alternative track-
practice with video games. &\countetbalanced this ing technologies that are less sensitive to metal [Bird].
practice efect by not allowing them to play with their CP is often accompanied by poor visiondvdich]; we
dominant hand. W now suspect this had littlefeft, as  acquired a laye monitor and made sure that the subjects
none of our able-bodied subjects were troubled by thiwere seated close enough that they could easily see the
requirement. ball and paddle.

Trials were run between February and September (We explained to the children that they were helping us
1991, using children ranging from age six to seventeerexperiment with a new device.aAhad originally not
inclusive. Fourteen able-bodied children and eight chilintended to show a running score on the screen, but our
dren with CP participated in the studie recognize pilot subjects demanded it, and began keeping score
that we are using an uncomfortably small number othemselves by counting. This should not have surprised
subjects in our analysis, but thefidifilty in arranging us, as it is a well known phenomenon that children this
these trials cannot be overstated. Many of our disableage require score keeping mechanisms and invent them
subjects had to travel more than an hour by car to partiwhen they are not present.

ipate in the studyFortunatelythe distribution of results
across our eight subjects is remarkably consistent, so v
are comfortable reporting on the basis of our curren
data. Bble 1 shows the breakdown of body sites use:
for attaching the tracker to various subjects.

The original game design only allowed the game to be
played vertically defending the right wall. This pro-
duced cognitive trouble for the children whosegéar
curves were predominantly horizontal, in much the
same way that rotating a mouse 90 degrees makes it
almost impossible to use. Other researchers have also
attachment site  able-bodied CP found that stimulus and response need to garized in
spatially similar ways [Schmidt]. What we found inter-

head 2 1 esting was that the two orientations, horizontal and ver-

Right Wrist 5 2 tical, were sufcient.

Left Wrist 5 5 . . . .
The other things we learned during the pilot studies

Left Elbow 2 0 ings W uring the priot stud

involved our interaction with the subjects. Having lim-
ited or no experience with video games, our subjects had
trouble understanding whether they were controlling the
Table1: Body Attachment Points motion of the paddle or the ball.aAbvercame this by
having the subjects move the paddle briefly in a training
session before the ball appeared. A more subtle problem
had to do with retracking. Theailor system works by
using a taget curve, and during a session it sometimes
becomes necessary to stop play in order to establish a
new taget curve. This can be caused by many things,
including fatigue or substantial motion of the clsld’
body in the chailwith some subjects, when we stopped
to establish a new curve they often interpreted this as a
failure on their part and needed a healthy dose of reas-
surance before they could continue. During the trails,

speeds as the subject became more comfortable. Thr'Ve took great pains to avoid the need to re-establish tar-

of our eight disabled subjects did not play at the highesget curves.
speed. RESULTS

We address first the quantitative and then the qualitative
FEEDBACK ON PILOT STUDIES results. If all the trials had been performed with the ball
traveling at the same speed, then the guantitative results
would be easy to report: each subject would have suc-
cessfully blocked the ball on some percentage of his
trails. One could then look at the mean score for the two
groups and graph their performances. The complication
is that for each subject, we started them at slower speeds
and then moved up when the subject felt comfortable.
Subjects moved up to higher speeds quidily three of
our eight children with CP never played at the highest
speed.

The physical setup includes an IBM-compatible 38€
personal computer with a color VGA display and either
a 14 or 19 inch monitoThe playing field is a square
420 pixels on a side, and the paddle is 95 pixels wide
Our tracker is a Polhemus Isotfdk[Polhemus]. The
ball’s speed was always one of three fixed values: slo
= 33 pixels per second, ; medium = 64 pixels per sec
ond; fast = 178 pixels per seconditheach subject, we
began at the slowest speed and moved up to fast

We obtained valuable feedback by running several dis
abled pilot subjects. The physical setup was very impor,
tant for the disabled users; many havefidiftly
stabilizing their bodies. The Polhemus tracker cannot b
used in an area with lge metal objects as it is based on
sensing a magnetic field, so we transferred our subjec
from their wheelchairs to a specially constructed
wooden chair with flexible support for seatingeW
believe that this may have adverselieefed the perfor-
mance of some of the children, as they are very depe!
dent on the customized seating and support in the
individual wheelchairs. For future trials, we will elimi-
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Figure 4 shows the results of all trials run at the mediunsubjects had to travel to participate in the staayl sev-
speed, the only speed for which we have data on all oeral we only obtained because they were traveling to our
subjects, and the speed upon which we base our overarea for clinic appointments or to havegary at a local
guantitative result of mean performance of 77% vshospital, hardly an optimal time to participate in a user
50%. More important than the mean performance is thstudy

large overlap shown between the two groups’ perfor:
mances. Figure 5 shows a similar comparison of all tri
als run on the high speed; it is less conclusive becau:
three of our eight subjects with CP did not attempt the
high speed. Not running at a higher speed seemed
have more to do with fatigue or lack of confidence tharMost able-bodied subjects would anticipate where the
performance. The three CP subjects who declined to tiball was headed and then move the paddle to the correct
the fast speed where not our WorStTEGrformers at thposition and wait for the ball to approach. The children
medium speed; they rankelf, 5", and 7" out of the 8.  with CP were much more likely to leave the paddle
Therefore, we feel that there is value in ignoring thewhere it had last hit the ball, or at a particular location
speed of the trials and lumping them togetties results  (near either side wall was common) and then move to
of which are shown in figure 6. This lumping favors theblock the ball at the last possible momene @6 not
children with CPas they include more runs at the slowknow why this particular motor behavior occurred. One
and medium speed. The full breakdown of trials by

speed is given in table 2. In any reasonable interpret: 1. Even though half of our subjects with CP use powered wheel-

tion of the data, it is clear that the children with CP per-chairs, it isimportant to realize that for the CP population, wheelchair
formed better than we thought possible at this stage (oysticksare not analog devices but are multiway switches. Push the

the project. This is especially true given that most of oustick far enough in one of four direction and the wheelchair moves.
Anything less and the chair remains whereit is.

For most of our subjects with Cthis is the first real-
time, continuous task they had ever perforﬁ'letkls
'such, it provides an interesting opportunity to observe
their reactions to the pong game.




Non-disabled Subjects

Sl ow Medi um Fast
100 # hit % # hit % # hit %
0 0 0 0 33 48
0 0 34 71 35 60
90 0 0 25 96 28 57
0 0 26 88 33 70
o) 0 0 0 0 35 51
80 ° 0 0 0 0 36 83
8 0 0 21 71 28 43
70 o 0 0 19 89 36 58
- 0 0 0 0 35 66
< 9 _8_ 0 0 27 81 36 58
2 60 0 0 35 63 37 70
3 o 0 0 29 86 41 59
— o o 0 0 36 44 28 50
S 50 o 0 0 33 82 33 88

° 8
g 40 Subjects with CP

O Sl ow Medi um Fast
g_ o # hit % # hit % # hit %
30 0 0 36 22 36 36
© 15 100 36 28 0 0
20 0 0 34 35 36 31
36 61 20 50 0 O
25 80 36 56 0 O
10 0 0 42 62 36 47
0 0 35 69 37 76
0 0 35 74 36 53

0
SUbJeCC:ES with nogug}zzét)sled Table 2: Data for All Trials

a physical control, even one built especially for them. In
addition, the mapping strategy does a terrific job at
dampening out noise and jitter

Figure6: Results on All Speeds Combined

possible explanation is that the children with cerebra
palsy have dffculty with response programming. More Although our eventual tget population is non-vocal
simply, they may be unable toganize and initiate mus- children with CPRin this study we included children who
cular actions to produce a prompt motor response. Alteicould vocalize to some degree so that we could get
natively maintaining the paddle in a “ready” position observations from them. It was from one of the children
required more control at an access site [Schmidt]. Ththat we obtained an insight as to why passive tracking
children with CP typically could not manage this, there-works so well. Normallychildren with CP who attempt
fore returned to a consistent resting place. a control task “tense up” and hamper their own perfor-
mance, much like a novice tennis player is often unable
to swing properly until he learns to relaxe\&sked one

of our subjects why he was able to control the paddle so
well - he repliedI'm not controlling it; it's watching
me.” His perception was that the paddle was doing the
work of following his motions, not that he was doing the
work of controlling it. This diference seems to be

extremely important in helping the children relax.
Our most interesting qualitative results focus on the
childrens reactions to the system.itdut exception, CONCLUSIONS . . .
they enjoyed the trials. &are convinced that passive 1h€ User study we have presented is one step in a series
tracking is a good approach; although our subject:Of investigations that will be necessary to realize the
became fatigued during the trials, they continued to perl©nd t€rm goals of theallor and CANDY projects. W

form long after they would have been able to manipulat1@vé Now established that our mapping strategies make
is possible to compensate for physical disabilities such

as CP in a task requiring a real-time, one dimensional
analog input.

None of our subjects, either those with CP or able-bod
ied, had a conscious awareness of the location of the te
get curve. This is a pleasant observation, because o
eventual system will provide open-loop feedback as it i
used, constantly determining the shape and location ¢
the taget curve as the device is used; the current explic
creation of a tayet curve is an aberration.



Our results were much better than we had anticipate[Pausch90] R. Pausch and R. Wams, Tailor:

would be possible, especially given the adverse cond
tions our subjects with CP had to endure. In trials with ¢
simple video game based on Pong, the able-bodied su
jects succeeded on 77% of their trials, and the subjec
with CP succeeded on 50%. Over half the subjects wit
CP outperformed the worst able-bodied user

Our future eforts will be in continued enhancements to
the mapping techniques used in one dimension, and
producing mappings from motion into a two-dimen-
sional analog control signal.
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