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ABSTRACT
This paper addresses motor conirol constraints which
affect analog pointing devices used with computer in-
terfaces. We have investigated the accuracy and pre-
cision with which subjects can apply force 16 a srall
isometric joystick with a fingertip or finger and
t‘qmmb, for one and two dimensional force specifica-
oB.

We find the izformation content of a force application
to be in the range of 4 to 6 bits per dimension with
visual feedback, and without time constraint. The
force application task in two dimensions is no more
difficult than in one dimension and gves twice the
information contest. Use of an opposing thumb and
finger gives no improvement over s mngle finger.
Both inaccuracy and imprecision are eoncentrated
along the direction of the specified force - subjects
tend to be both more accurats and more precise in the
direction: of force than in its magnitude.

implications for analog pointing devices are discuascd.

KEYWORDS .
Mouse, Joystick, Dexterity, Force Precision

INTRODUCTION

Recent work (5, 7] bas demonsirated that poioting
performance can be significantly improved when hu-
man motor-perceptual limitations are taken into ac-
count.

This reopens questions of strategies for ptgsiml con-
trol posed at the time of radio knob desiga, etc.
[2-4, 8] What are the perceptual motor constraints
of physical control design? How should these con-
straints affect the relationship between the physical
contro! and a machine’s response 1o its movement?
By understanding the relationships between these in-
formation channels we can improve design interfaces.

Motivated by work in designing & finger pressure
controlled pointer, we wanwf}t)n %ndema.nd the con-
trol channcls available to various analog motor tasks.
We report here a study of the finger.pressire channel.
We bave copsidersed visual, auditory, tactile and pro-
prioceptive feedback. Some tactile ieed back is inevi-

tably present (barring anesthesia). Prelunmziy
cxplcyrinlx)éms i.ndi(cated t auditory }wdback alone is -

much less effective than visual, even in the oncedi-
mensional case, while tsctile feedback alone appears
1o allow less than 3 bits in each dimension. Thit
study focuses on finger pressure with tactile and visual
feedback, without time constraint. The subject may

take several seconds to apply the specified force, and
the force is then m as the mean of instantanc-
ous forces sampled over a 2.4 second integrating pe-
rind. Even under these condilions accuracy and
precision are surprisiogly low.

The force range which we have investigated Is that
ap'gmprialc for one or two fingers on a small sensor
(2 3 mm by 8 mm cylinder), 0 - 225 grams.

While there are many studies of complex tasks such
as pointing and tracking which use the finger or hand
foree channel, there seem to be few if any which ad-
dress the accuracy and precision available in the
channel itself. We have found only [6), which studies
whole arm movements at much ter forces. His
studies found subgrects could apply a arm force to
within I0percent of a attempted target force.

METHOD

Apparatus )
Subjects were szated at 2 standard office desk, in 2
chair adjusted to comiortable height by the subject.
On the desk were a CRT display and a 101-kcy 1BM
P8/2 keyboard, placed about 10 ¢ back from the

ge of the desk. In the center of the keyboard, be-
tween the G and H keys, was an isometric joystick
(the same sensor used in the‘PomunﬁnSuck‘ (53
topped by a dished 3x5 mm diameter Linger rest,
mm above the level of the key caps Figure |. The
joystick 1op moves an undetectable .13 mm at maz-
unum foree.

Fiiuu 1. Fingertip grip of an isometric joystick

An IBM 8514 in VGA graphics mode .4 mm square pixels on a 480 by 640 screen
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For the fingertip grip condition the subject placed a
finger tip on thcpfmgg rest. For pen grip experiments,
adjoining key caps were removed exposing an 8 mm
long 3 mm diemeter 'fan', grasped betwsen thumb
ch forefinger. Figure

Experiments were also run using a single finger or
thumb pressure on the side of th%_ joystick to under-
stand the value of thee%p a’rlxgcdxgt in the pen grip
condition. This is call ETIp.

Strain signals from the sensor were
to produce signals on an IBM PS/2 pointing device
interface such that the resulting cursor position fe-
presented the horizontel foree ieing applied to the
gensor, within the limits of the display screea. Strain
g;uge sensing and sxé‘nal Iprqoessm was_performed
a separate 1BM PC/XT with a Scientific Systems
Lebmaster data ecquisition board which communi-
cated 1o the PS§/2 through its mouse port.

A program running of & IBM PS/2 model 80 pre-
senied stimuli, proéided feedback, and recorded dgg

Subjects

Over several month periods one subject performed
experiments to calibrate and develop dats collection
techaiques.

We rzon bere on results from four subjects, hired
through an agency as office temporaries. They all
pormally work in secretarial and clerical jobs, fre-
quently using word processors, and had alght famili-
arity with mice, but no prior experience with other
S T ko ‘eporied typina speeds. between
"50’s". who typing
50 to 80 words per minute. rwo played or had
glayed a musical instrument; no other high-manual-
exterity hobbies were reporied. Subjects participated
in these cxperiments a3 part of a two-day sequence
of experiments on pointing bebavior, using the
Pointing Stick in its normal mode and 2 mouse in
addition to the present apparatus.

Procedure .

The experimental paradigm is as follows: Subject ini-

tiates each trial with a keypress. A t foroe is

presented as a position on the screen. e subject
€00 " 304d | e

attempts to apply the specified force, by bringing the
CuTsor 10 the targst and holding it there.

As initial movement towards the target is ended when
the subject’s precision limit is inevitably reachcd and
the cursor moves away from the targel. During the
following “hold™ phase the cursor is held as stably as
ssible for some 24 scconds. The meaen apph
orce during the “hold” phase will be called the tnal’s
effective force and its standard deviation is taken as
the tial’s imprecision or dither. The miss vector is the
difference between the target vector and the effective
force vector. The miss angle is the direction of the
miss vectos.

Figure 3. Display showing stability and sccurmacy
of force application in a trial.

Fecdback information is added to the target display

at the end of each trial. The computer displays the

track of the cursor’s movement. A ¢ross op the track

marks the beginning of the hoid phase and an eliipse

is cantered at the mean hit position with shape re-

Eor?l?mhmafc the variation in appiied force during the
phase.

Separating subjects target selections from targst hold
phase is exemplified in Figgm 3. In this figure it is
noticeable that after a su &ect atternpis 1o select a
target, stability at holding the requested force can be
characterized as a cloud of dither.

ARcr 10 such trials the computer displayed numbers
indicating relative aceuracy and relative dither and
standard deviations for the group of trials. A menu
sciection is seiected to rup tep groups of these.

The subjects performed these the trial type doing two
dimensional (circle) targets, vertical one dimensional,
and horizontal one dimensional targsts. All of these
conditions were investigated for the finger tip as well
as ‘Fen ’p conditions. A nogunal 300 trials were
o acw! or cach two dimensional condition and a
pominal 100 were coliecied for cach one dimensional
condition. For two subjects an sdditional nominal
100 trials were collected for the side grip condition.

Target forces were pseudo-random, witk uniform
distnbution over the range corresponding to the dis-

0S5 HLIHUW HOWH3IS3N WHI WO 25:8 16« 891 234



lay screen, excluding an Jumncly 1 om margin
By ook of Gametes 3 ovh in the center

An experimenter remained in the room to observe
and to demonstrate pmtocols Wiitten ipstructions
exph.med each the expenment and

ce O phues. sequence was varied in
aome cases 1o maintain su )),ect motivmion The ex-
perimental protocol was otherwiac administered and
results recorded by the computer.

RESULTS
Target force, mean apg}wd force, dither, and time
were recorded for each ial. Intial sets of trials were
ed, as were a gluk m%alﬁaled by intet-
tmns or 0 t SIns abie Vés ovu-
a!f avmlgesogf :g:;mm%m dither for the tgu
and for the two grips. Figures 4 - 12 look at

data in more detail, examining dependencies on
target force,

$E Tiia t m pinisd) tip
= .
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Figure 4. Tha relationship betwsen distance and ac-
curacy

Figure 4 plots error against target foree for the two
gnp condnmns fg.\”:e shows that while abwluu
accumy of force dmm th ussted force,
ve ¢ large range in
:f:{mted by the guite mll cloud shows that
gein rformance is wice. Note that the p'lp
condition c.dds a slight ndvantage over the tip
condition.
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Figure 3. The reladonship between foree ard sizad-

Figure § plots dither

force for the two grip
oondmom Nouee the

lnnk area ot the bottom of

nts a limit to steadiness. The
mdth of this band 3’ ws that no one was able to hold
force steady to within 2 grams. The average instabil-
ity was 8 grams v in wndividual from 3 10 12
grams. Like the error, dither also increased somewhat
with force.
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Figure 6. Direction of miss versus target direction

Figure 6 shows the relationship between the target
direction and the miss mzle Note that the miss angle
tends to be 180 dcgrees m the tugct angle showin

that su ‘é:ta force.

subw:ts wm more aecum the direc-
lion lhan in magnitude of force ap: Véphcmun This data
could be waed 1o help deaign omty transfer func-
tions. Another use of this sy, that meous should
be made “desp” in the direction ofmost likely
proach, Edge menus, which are effectively infinitely
deep, arc instances of this.
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Figure 7. Stabilty in dircction of target is worse than
g in onho!on] direction

A striking result cmerges by looking at the shape of
the duta sloud of mb)octbgold data, Figure 7. The
ellipse that represents the mean of the dither cloud
has approximately s 2 10 | axis ratio in the direction
of the target. We have collected data for pressure to-
wards targets above below 1o the right and 1o the lefi.

data collcction for angular forces does
not distinguish this at other angles.
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Figure 8. Demonstration that rip is not better
than pushing with l’;i:ie' g!%p.

Experiments comparing the side grip to the pen grip
test the role of opposing grip for pressure accuracy
and stability Figure 8. Note that in the data the side
gip is not distinguished from the pen grip. This
suggests that the slight advantage of the pen grip
eondition over the tip grip is due to improvement in
control by pushing on the side of the post rathet than
to any additional stability provided by another finger.
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2 Dimensional
Tip 1567 2.7 8.8
o 78 6.0
Pen 1118 6.6 8.2
4 6.1 5.2
| Dimensiona! - Horizomal Bays
Tip 9 4.5 60
e 4.7 40
Pen 260 a3 43
@ 43 42
Horizontal Projection of 3 Dimensional Data
Tip 1510 S3 62
o 5.7 42
Pen 1074 47 6.2
o 49 4.1
! Dimensional - Vertical Bars
Tip 390 5.1 5.6
e 1.0 Sid
Pen 397 4.3 5.6
L 49 44
Vertical Projection of 2 Dimensional Data
Tip 151% 4.6 8.0
o 64 $.0
Pen 1079 2.9 54
] 4.7 39

Figure 9. A Table of Frecage gryor and dither in
grams ahopmggm: inherent low accu-
racy and instability in force applica-

tion, the relation betwesn ] and 2

dimcnsional tnals aod the mprove-

__ments afforded by the pen grip.
Samples Error Dither
Subject | 293 30 58
Subject 2 537 4.5 69
Subjert 3 130 150 106
Subject 4 as? 29 12.7

Figure 10. A Table showing the range of indi-
vidua! differecces in average error
and dither force between subjects for
the iwo dimensional tip grip condi-

tion

" Figure 9 gives the average error and dither under the

various conditions. This table shows that even when
the data is averaged over all individuals and target
forces its major featyrss are still visible. The ex-
tremely large standard deviations reflect several fea-
tures of the data: first that subjects are unable 1o hold
a copstant force, second the Iar%e variation in accu-
racy between individuals Figure 10, and third the fact
that error and dither increase with increasing force.

The maximuom force that subjects ssem comfortable

applying with one finger is aboyt § ounces or 225
yal:m. Taking this as the working range for finger
ﬂusure. average short-term precision can be calcu-

ted from Figure  The interval of error for
the 2 dimensonal tip vazxc is § gams. Adding the
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standard deviations to error and dither for the 2 di-
mensional tip case gives a valve of (7.7 + 7.8) + (8.8
+ 6.0) = 30 grams as representing an upper range for
error. Jius gives a sion of J to 12 percent, al-
lowing 8 10 30 choices in each dimension Figure 9
on page 4. Taking the log base two of these pumbers
ives an information content ranging from 3 to 4.9

its for each trial. Averaged over a long bold time
2.4 seconds) subject accuracy came 1o a precision of

to 15 grams, giving 3.9 to 6.2 bits, for each dimen-
sion, Taking a long careful atempt, then, only al-
jowed our best subject to be able to accurately select
ons of 70 foree values in sach dimension. Compiled
into two dimensions this gives a total information
content of 7.8 to 12.2 bits.

The genera! leve! of information content reported by
Schrmidt et.al. for arm force [6] (Standard deviation
about 10 percent of applied force) is consistent with
our resulta.

The | dimensional projection of the 2 dimensional
horizontal data results from setting all borizontal
components 1o 0 in the data from 2 dimensional tri-
als. Note that it agrees closely with the data for the
g:le dimeuiiggalhtargets, Da'r.:_ from trials wm} :g:uz
targets the eorresponding projsction o
dimensional trial data are quitqs?mﬁar. with the same
close wmssondepm. The differences in error be.
tween | and 2 dimepsional trials is completely ac-
counted for by the dimension of the trail. The
subjects apgea.r 10 be able to add a second dimension
10 their task without aay interference giving twice the
information content without additional effors.

learning Curve
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Figure 11, Demonstration of the experience subjecis
had relative to asymplotic improve-

ment with use of pointing device.

The experiments described in this ﬁ:;p:rwmmcluded
in a two day exercise designed to subjects in us-
ing isometric peinting devices for mouse-like aciection
activities. Aa with tbe mouse [1] we find that a sub-
ject impraves at selection tasks over a few thousand
pointing selectiops.  Figure Figure 1lshows two
points at which Subjects performed these force ex-
periments as part of a longer st of nins designed to
give them experience with isometric pointing.
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By noting the poinis along the performance curve at

wfv'u.ich dala was gathered for force experiments, the

impact of pointing experiencs on these resulta can be

estunated. Fi Figure 12 shows that this data 5

consinf;nt with all other data describing accuracy of
; iy
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Figure 12, Force accuracy data taken st different
times on a user’s joystick pointing
fearning curve.

CONCLUSION

Limits of Digh Force Control )

Even under the optimal condition of long integration
time, accuracy is'quitc limited. If we take the working
range for this kind of finger pressure as 0 - 225gm,
average thort-tenm precision, for our subjects, is in
the range of 9 to or 4 to 10 percent of full
range in each dimepsion, comesponding 10 an infor-
mation content of 3.3 to 4.6 bits for cach tnal. Over

time {2.4 seconds) this is integrated 10 a ision of

3 to 15 grams, giving 3.9 to 6.2 bits, for each dimen-
sion, for a u:mﬂl ﬁgmﬁon content of 7.8 to 12.2
bits. This com with 18.22 bits represented by

the selection of a single pixel on a VGA (640x480)
screen. A force-10-position joystick is ci not ad-
uatc as @ pointing device. By mapping force into
velocity in of position, efficient tine integration
and arbitranly precise pomting may be ac ieved,
preasin of Enger pross Gacles gy
precision sure s tha can
closely coutroﬂ?dr:nln; where the mapping has a pla-
teau, w}:ere the d%sired this :nam‘tg.med over a
range of pressurcs larger than the 4 to reent un-
uﬁainty.ptﬁx the Pointing stick transfer fuggztion such
plateaus sre found at zero speed for a stopped cursor,
a slow speed for accurate pixel and character posi-
fio and at maximum eye tracking speed for fast
tkc:;m movements [5] - Figure 1d transfe’ un-
wn -

Over the range of target forces tested subjects were
uev_e:c‘:%!e to keeps steady f?r&’n_eshunder 2 g:ramf 5. A
projected average o grams © ither al zero lorce sets
a minimum deadband which allow a user to rest
a finger on a sensor without cursor motion.

Tweo Dimensiona is No Harder than One.
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Subjects applying a force in two dimensions made

much the same errors along cach axis as when they

were concentrating on that axis alone. One might

expect that it would be easier 10 apply and hold a

specified fon.:a to the right, for cumplc. if one need

!nfel control in the up or down direction. This is not
case.

?ohﬂgﬂplg;nmmw - ity
t might have expected that the opposing thum
and forefinger hold would greatly improve goth ac:
AL Ao i e
y shows that the pen grip improw -
formance very little (Figure 4 on pagemme ﬁn
g:gc 4). This improvement, however, does not come
m the opposing thumb as predicted; a finger placed
on the side of the joystick in the sidc gnp condition
slightly outperforms the pen grip Figure 8 on page
4?_11‘%? that the gbmeg foﬂt:: Accutr;cy ;dvmuge
o pen grip is due to the finger or thum ition
onttfxe t?;de oF the ”3,50: rather }l!:an ozs:g:dt%o? and
not to the opposing digits grip. Two s
are just as unsteady as one unsieady finger, y e

Error and Dither are Aligned in tho Target Direction
Applied force tends to be aligned to the direction of
target force but undershot. For force to  velocity
transfer functions this is an advantage; the noise along
the intended direction of movement changes the cur-
sor spesd but not its direction. _

A specific style of menu that this rugpests is a menu
dd;ggthe ge of a screen (which acts as if infinitely

The results of these experiments help describe behav-
ioral motor izsucs which contnbute to the orm-
ance improvements achieved by the Pointing Stick
transfer function.

This study shows that individual performance diffe

by a large factor; could this be taken into accoust in
perso! or adaptive transfer functions?

L@@ 38Ld

The noise in a persons movement is greater in the axis
directly intersecting the target; could this analysis be
utxhzeg 10 to augment user control?
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