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ABSTRACT when the toss is successful. Tossing or throwing are a cen-
Tossing, throwing, or flicking objects in a user interface or tral element of many sports, and it is not unusual for trained
virtual environment can be used as a faster, lower-precisionathletes to achieve a low error rate in tossing a ball toward
alternative to traditional pointing, however there is currently some target. For example, several dozen of the professional
no predictive model of user performance with tossing. We basketball players listed at nba.com have a “free throw per-
report experimental measurements of performance in a 1Dcentage” above 80%, some as high as $0%

tossing task from which a predictive model is derived. We
consider a simplified form of tossing where a virtual object
on a horizontal surface is accelerated and released, and then
decelerates under friction, coming to rest at some final po-
sition. The distance traveled after release is determined by
the release velocity as well as by the friction model used.
To abstract away the details of the friction model, our ex-
periment measures the ability of users to accelerate and re-
lease a virtual object in 1D (using a mouse) with a given tar-
get velocity, with target velocities varying from 6.25 cm/s to

1 m/s. Results indicate that there is a linear relationship be-
tween the target release velocity and the standard deviation

of the release velocity achieved by the user. We also propose

an automatic release technique (instead of requiring the user =

to manually release using a mouse button) that significantly N " !__
improves precision. The model derived from our experiment v
predicts that a user should be able to toss at three different %

target speeds (effectively tossing toward target locations at

three different distances) with an error rate under 4%. We Figure 1. Two examples of tossing in GUIsTop: In the physics-based
also predict that having four or more targets in the same di- desktop environment BumpTop, an icon is tossed towards a group of
rection would cause the error rate to rise above 10% Designrelated icons [1]. Bottom: An inertial mouse cursor is used to rapidly

. . . . L . " set a slider to its maximum value [15].

|mpI|cat|ons for mtegratlng tossmg into graphlcal user inter-

faces are discussed. In user interfaces, simplified or metaphorical forms of toss-

ing have been used as an alternative to pointing at a distant

Author Keywords location, where users may drag, gesture, or flick in a given
Throwing, flinging, tossing, flicking, sliding, pushing, point- direction [16, 5, 23, 13, 37, 2] (Figure 1). As pointed out in
ing, Fitts’ law, interaction design [37], sliding or flicking objects is a fast, easy-to-understand
action and a natural extension of normal drag-and-drop ac-
INTRODUCTION tions, possibly giving it an advantage over other techniques

Tossing, or gently throwing objects at a relatively low speed, for pqinting at distant targets. One system [1] even simulatgs
is an everyday activity in the real world, used to save effort collisions between the tossed object and obstacles, causing
when precise placement is not required. Paper documentdh€ object to bounce off walls or displace other objects pre-
are tossed onto work surfaces, sometimes in rough piles orviously placed on a virtual surface. Virtual tossing can also
groupings, and sometimes to create an intentionally informal 1, , 5 fee throw, the throw line is about 420 cm from the cen-

arrangement. Objects are tossed from one person to anothefer of the net, which has a diameter of 45 cm, and the basketball
to save time, and items to be sorted, packaged, or disposedhas a diameter of 24 cm, yielding an index of difficulty of at most
of may be tossed into a basket, box, or recycling bin, at times log, (4223, + 1) ~ 4.4 bits, ignoring the fact that small errors can
providing a fun challenge and yielding a sense of satisfaction still result in the ball falling through the net.




be useful if the user wants to quickly throw, sort, or arrange of motion, the average movement tilkel" required is
objects, and precision is not required or not desired.

D
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Unfortunately, there is still no predictive model of tossing 92 (W ) @)
that could be used to derive design guidelines for user in- he

terfaces. With a 2D input device and 2D user interfaces,

we are particularly interested in tossing tasks comparable towhereaandb are empirically determined constants that vary
the sport ofcurling, in which players slide and accelerate an With factors such as the particular pointing device used. The
object on a horizontal surface and then release the objectlogarithm is referred to as the index of difficulp which is
which then decelerates due to friction. (This is also called in bits.

flicking [37].) Many open questions exist related to such . .

a task. If the user wishes to toss toward some target, howAimed, rapid movements involve a speed/accuracy tradeoff,
small can the target be made before the error rate becomes€eflected inMT being an increasing function of the ratio
unacceptable? How many different directions can a user tossP/W in Equation 1. Thus, if the distanéto a target is in-

in? In a given direction, how many different distances can creased by some factor, the selection can still be performed
a user toss toward? Is there a tradeoff between movemenin the same time (i.e. with greater speed) if the accuracy re-
time and precision that can be made in tossing, as with tradi- quirement is reduced (i.&/ is increased) by the same factor.
tional pointing? Can tossing performance be predicted from Also observe that, if the target's si¥¢ is reduced by a fac-
the index of performance in Fitts’ law [18, 29]? How should tor of 1/2, this results in an increase of approximately 1 bit
the release of a tossed object be triggered? What is the maxin ID, and a corresponding incremental increas#af.

imum speed with which a user can toss? How does the index

of performance (or bandwidth) of tossing compare to that of One way to interpret Equation 1, and the task it models, is
traditional pointing? that the user must home in on the target by reducing the ini-

tially large error (or “noise”) in the cursor’s position until

Regarding the question of how many directions a user canthe error is small enough that the cursor falls within the tar-
toss in, previous work suggests an answer. In [28], error get. Every reduction by 1/2 of this error requiteseconds,
rates rose above 5% if there were as many as 12 directiong@nd corresponds to transmitting 1 bit of information. The
to stroke in within a single-level marking menu. Similarly, number of such reductions necessary is,{6gW) ~ ID,

in [16], 90% of strokes were withirz 15° of the target di- and transmittindD bits requiresID seconds in total. The
rection, corresponding to an error rate of 10% if there are 12 remaininga seconds in Equation 1 can partly be explained
discrete directions to stroke in. In this previous work, users as reaction time and/or the time necessary to complete the
did not need to perform the strokes with any particular ve- selection with a button press. More detailed and accurate
locity, whereas in tossing they would need to do so, making explanations of the mechanisms behind Fitts’ law have been
tossing in different directions at least as difficult. Hence 12 developed [32, 33], however the foregoing is a useful first
items could be taken as an upper bound on the number ofapproximation.

directions for tossing. The other questions in the previous ) ) o
paragraph are investigated by the current work, by consid- Various techniques have been proposed to make pointing
ering a simplified form of tossing. The distance traveled €asier, for example, by making targets [31] (or the cursor
during a toss depends on (1) the offset in position that is [21, 10]) larger, by bringing targets closer to the cursor, or
created during the acceleration stage, (2) the velocity at thePy making it easier to move the cursor toward a target (§4.2
time of release, and (3) the kind of friction simulated dur- in [31] contains an overview of several techniques up to
ing deceleration. The first and third factors are abstracted @round 2005). For example, some techniques enable the cur-
away if we focus on the question of how well users can toss SO to “jump” onto targets [22, 4]. Others make temporary
with a given velocity. In other words, how well can users Proxies of distant targets available nearby the cursor [5, 7].
“acquire” targets in the velocity domain? We performed an The techniques drag-and-throw, push-and-throw, and vari-
experimental study of such performance in 1D, resulting in ants [23, 12, 13] have names suggesting they involve actions
answers to the previous questions. The major result of ourakin to tossing, but as pointed out in [37], these techniques
study is a predictive model of the standard deviation in the do notactually involve imparting a velocity with a rapid drag
user's release velocity. This allows us to predict the optimal Or flick gesture.

placement of a given humber of targets in the velocity do- . ) )
main, and also predict the error rate that would result with More relevant to the current work is previous work on flick-
such targets. We also discuss issues in integrating tossing"d [16, 34, 37, 2]. [16] and [34] measured the movement

into traditional point-and-click user interfaces. time, angle, and length of flick gestures, comparing them to
alternate input techniques, however these flick gestures were

not used to impart velocity on a virtual object. Reetz et al.

[37] measured movement times and error rates in a target
BACKGROUND acquisition task, comparing three techniques: flicking (im-
Fitts’ law [18, 33, 29] predicts the time to acquire a target parting velocity on a virtual object, with friction), pointing
with a rapid, aimed pointing movement. In the Shannon for- within a “radar” view of proxy targets, and superflicking (a
mulation of Fitts’ law [29], given the distand2to reach the form of flicking allowing corrections after release). Flicking
target, and the widtiV of the target measured along the axis was found to be the fastest technique, but also the most error



prone, with an error rate above 45% in some conditions. The lows thatv = voe~®/™! anda = dv/dt= “2voe~ /™ and
current work differs in several ways: first, [37] does notre- y Myo(1— e /M), In this case, technically the veloc-
port the details of the friction model used, whereas our work jty tends toward zero without ever reaching it, however we

is independent of any friction model; second, [37] used an can siill calculate that the total distance traveleB is: Tvo
input device sampled at 50 Hz, whereas we use a mouse thafyhich is proportional top.

reports its position at 500 Hz; third, [37] did not investigate

a possible relationship between error rate and target distancerne distinction noted above between kinetic friction and fluid

or target size or index of difficulty; and fourth, [37] reports  friction should be kept in mind in the following section, and
error rates for each condition, but not the distribution of fi- il be returned to again in our discussion of Future Direc-

nal positions (from which aeffective width29] could be tions for this work.
calculated, to more precisely quantify the user’s precision).

Aliakseyeu et al. [2] investigated the use of flicking for per- TARGETS IN THE VELOCITY DOMAIN,
forming 1D scrolling of a view (where the flick gesture is AND (—1)TH-ORDER CONTROL

ive a veloci he view), and pr interestin . ) ) L .
used to give a velocity to the view), and proposed interest gAsalready mentioned in the introduction, in the tossing tasks

variants on flicking. However, their work did not focus on ‘ di . tal studv. the details of the t

the characteristics of individual flick gestures, and instead PEfTOrMea In our experimental study, the details ot in€ type

measured total time to scroll to a given target with one or Of [riction used are abstracted away by having the user toss
with a given target velocity. Each target velocity would nor-

more flicks. Finally, unlike [37, 2], the current work does I i ific 1 t dist d di th
not experimentally investigate tossing techniques that allow mally map 1o a specitic target distance (_epen_ ing on the
friction model used). However, instead of displaying a graph-

corrections after release, focusing instead on the more fun-. . . t X X
9 ical representation of the position of the virtual object in

damental questions mentioned in the introduction that have o

not been addressed as much, or at all, in previous work. ~ SPace as itis tossed and gradually decelerates towards a tar-
get location, we display a cursor whaseoordinate is pro-

portional to the mouse’s sideways speed. Targets for tossing

tasks are displayed directly in the velocity domain, and the

user can see immediately whether the cursor is on the target

or not, without having to wait for a virtual object to deceler-

Among older literature, two studies [26, 24] investigated
tracking tasks where users had to capture moving targets, us
ing either position or velocity control, and proposed predic-
tive models of user performance. In the position control con- . . :
ditions, users had to move the pointing device with a speed &t€ and stop. Although this is unlike users’ real-world expe-
matching the target's speed, making the task comparable to/l€Nce With physical tossing, it has the advantages of giving
that in the current work. However, our work differs in the the user immediate feedback as to their performance, of al-
range of speeds investigated (speeds up to 1 m/s in our WorkJOW|ng the user to move on to their next action faster, and is
versus [26] where a joystick was moved at a target speed ofindependent of the friction model used.

up to about 7.9's, or about 6.5-13 mm/s assuming the stick
was 5-10 cm long) as well as in the details of the task (in our
work, the user must simply accelerate and release at a give
target velocity, rather than first acquire a moving target and
then match its velocity for a minimum interval of time).

Two observations can be made regarding this. First, previ-
us work has investigated both position control input ([26,
4, 37], for example) and velocity control input [26, 24],

but in both cases the output has been displayed in the spatial

domain, showing the spatial positions of the cursor and tar-
get(s). The terms zero-order control and first-order control

MODELING FRICTION AND DECELERATION [25] are also used to describe these, since the position of the

Before discussing our experimental study, it is useful to first input device is used to control either the position or veloc-

consider the kinds of friction that might be used in simulat- ity of the cursor, respectively. However, in our experimental

ing tossing, and what their effect would be. Consider the tossing tasks, output is displayed in the velocity domain, and
1-dimensional motion of an object of masssliding over  thevelocityof the mouse controls theositionof the cursor.

a horizontal planar surface. The user accelerates the objectHence, our tossing tasks invole-1)th-order control, by

and then releases it at tinhe= 0 with velocityv = vo, after  analogy. Our second observation is that, if we were to as-

which a negative friction forcé causes deceleration. sume a fluid friction model, where the distarideraveled
) . o by the tossed object is proportional to the release velocity

Normally, a physical model might assuméiaetic friction g then there is simple linear mapping between the spatial

force f = —pumgwhereg is the gravitational acceleration  and velocity domains. This means that displaying output in

and i is the coefficient of kinetic friction. The constant the velocity domain is almost equivalent to displaying output
acceleration due to this friction &= f/m= —pug. Solving  in the spatial domain, so the tossing task in our experimental
the equations of motion, the instantaneous velociyvy + study is not so different from physical tossing.

at and the object’s positior = vpt + %atz. Assuming the

object stops wher = 0, the total distance traveled will be  HypPOTHESIS

D= Wlkgv(z)- ThusD is proportional to/3. This is the type of  As mentioned in the background section, Fitts’ law can be

friction used in the “multi-flick-friction” technique of [2]. interpreted as stating that every reduction by 1/2 of the error

in the cursor’s position requires a constant amount of time

Alternative models of friction lead to other dependencies b. In fact, one of the simplest lower-level models of aim-

of D onvp. With afluid friction drag forcef = —bv pro- ing movements, from which Fitts’ law can be derived, is the

portional tov, we havea = (—b/m)v, from which it fol- deterministic iterative-corrections model [14, 27]. In this



model, the aiming movement is composed of several sub-The pointing device used was a Logitech G5 laser optical
movements, each of which brings the limb (or cursor) closer mouse that reports its position at 500 Hz with 2000 dpi (~
to the target center by a constant ratio, and each of which0.01 mm per dot) resolution. Using a mouse rather than a
requires a constant time. The distance remaining to the tar-tablet has the disadvantage that we cannot detect if the user
get's center after each submovement can be thought of as thdifts and repositions the mouse on the surface, however we
error associated with the submovement, and is proportionaldesigned our tasks to make such lifting unnecessary or im-
to the length of the submovement. This error is also pro- possible, and informal observation of participants indicated
portional to the average velocity of the submovement (since they did not lift the mouse in the middle of trials. Further-
each submovement takes the same amount of time). A moremore, since mice are an extremely common input device,
sophisticated and recent model, from which Fitts’ law can we wanted our measurements of tossing performance to be
again be derived, is the stochastic optimized-submovementperformed with a device of similar mass, form factor, and
model [32], which assumes that the endpoints of the first sensing capabilities.

(or primary) submovement have a distribution with a stan-

dard deviation that is proportional to the average velocity of We experimented with different surfaces for the mouse, in-
the first submovement (see also [17] for a review). Such a cluding a large “professional gaming” mouse pad, and found
relationship has been confirmed in subsequent work, for ex-that simply using the mouse on a laminated desk surface
ample in [40]. On a related note, a linear relationship has seemed to produce the cleanest data.

been found between the peak velocity achieved during the

primary submovement and the target distance; this is dis- The output device was an UltraSharp Dell 1800FP, 18.1 inch,
cussed and reviewed in [4]. 12801024 pixel LCD screen.

Turning to movements for tossing, [16, 34, 37] found av- The mouse coordinates were polled at 500 Hz and smoothed

erage movement times for flick gestures varying between using a moving average filter on a 20 ms window (i.e. con-

154 ms [34] and 284 ms [16]. These movement times are taining 10 samples). Because the screen’s refresh rate was

close to the minimum time required for a user to able to limited to 75 Hz, we could not update the cursor’s position

make corrections based on visual feedback (the threshold ison the screen at 500 Hz, hence a motion blur was simulated

estimated to be somewhere between 100 ms [8] and 200 mdy displaying 6 to 7 alpha-blended cursors per frame, each

[29, §5.1]). This should greatly limit, or even preclude, the with an alpha ok 0.15 (Figure 2).

possibility of closed-loop corrections to the movement, im-

plying that the movement is ballistic or nearly ballistic. In ¥

. . . . o . , Y

discussing the submovements involved in traditional point- )

ing, [16] suggests that “[the] first movement or primary sub-

movement may correspond to the flick gesture.” If this is

the case, that a flick or toss movement has the characteris- N

tics of the primary submovement in an aiming movement T 'L/'

and is performed too quickly to allow for corrective sub-

movements, then we should expect the “error” or standard

deviation in the endpoint position of a toss movement to be = o)

proportional to the movement's average speed. Taking this \_J/

one (speculative) step further, we hypothesize that for the

tossing tqsl_< pe_rformed in our expe_rimentf_all study, the stan-Fi e 2. The stimuli disol fina one tril. L  the cursor

d?‘rd deVIatlon_ in the release velocity aCh'eV‘?d by the userbegguines at thees?;rtirL:g (;ggit?gr??c?gss Er’ua(\Jir)eatt tarl1e Ieiftt. IE?E?I rtnigd(lzéJ ;r?d

will be proportional to the target release velocity. right: the cursor midway between the starting position and the circular
target at the right. The cursor is displayed as multiple alpha-blended
copies, simulating a motion blur, to compensate for the screen’s refresh

EXPERIMENT ] rate being lower than the mouse’s reporting rate. Left bottom: The
We conducted a controlled experiment to measure perfor- cursor inside the target.

mance in a velocity-target acquisition task, which we will
refer to simply a tossing task for brevity. Specifically, our Task and Stimuli

experiment was designed to A discrete target acquisition task was performed by partici-
. . L . pants using either traditionpbinting, ortossing. Each trial

* Measure and compare tossing and traditional pointing, in jnyolved moving a cursor from a starting position to a tar-

terms of movement time, precision, and index of perfor- et that was located to the right of the starting position. The

mance. task was thus one dimensional — direction of motion was

¢ Identify a candidate model for predicting performance with not varied.

tossing. For example, we would like to be able to predict
movement time and/or precision of tossing as a function
of target position and possibly target size.

At the start of each trial, the user first positioned the mouse
at a location on the desk marked with tape, so that the phys-
ical starting position was approximately the same in each
trial (this avoided the possibility that the user might run out
Apparatus of physical space in the middle of a trial and need to lift



and reposition the mouse). The user then pressed and heldarge target might encourage the user to toss with less preci-
the mouse button to signal they were ready. The cursor thension, preventing us from measuring their best possible per-
appeared at the starting location on the screen (and, in theformance. Ideally, we would instead prefer to ask users to
case of the full experiment, this was followed by a pause toss as closely as possible to a given point target, and mea-
called theforeperiod, used to prevent anticipatory move- sure the resulting “best possible” distribution around the tar-
ment initiation, as explained later). This was followed by get. Such a distribution would provide us with more infor-
the appearance of the target, after which the user began movmation, and should theoretically allow us to calculate the er-
ing the mouse to acquire the target. The mouse button wasror rate resulting from choosing any given target size. How-
held down throughout the trial, until the target was acquired. ever, to make the comparison between pointing and tossing
After target acquisition, there was a 1 second pause duringfair, we wanted to use the same kind of targets in both tasks,
which output was frozen to allow the user to see how close and we did not know if using point targets in a traditional
they got to the target, providing feedback to allow the user pointing task would result in behavior governed by Fitts’
to adjust their performance in subsequent trials. law. In the end, we made different choices of target type
for the pilot and the full experiment, as explained later.
In the case of th@ointing tasks, the physical displacement
on screen of the cursor matched the physical displacement
of the mouse, i.e. the gain or C:D ratio was 1, with no cursor
acceleration. +

In the case of théossingtasks, displacements in the cursor
corresponded directly to the velocity of the mouse. Hence,
the x-coordinate of the cursor, measured with respect to the
cursor’s starting position, was proportional to the speed at
which the mouse moved to the right. Accelerating the mouse
toward the right caused the cursor to move to the right, whereas
subsequently decelerating the mouse caused the cursor t@igure 3. The cursor traveling from the starting position on the left
move left, and if the mouse came to rest in a motionless po- toward a target on the right. There are two ways of displaying the
sition then the cursor returned to its starting position. The target. Top: crosshair (i.e. point) target. Bottom: circular target.

gain in this case was chosen so that the most extreme target _ )

to be acquired by the user (32 cm from the cursor’s starting Another issue we faced was how to complete a tossing ac-
position on screen) would correspond to a mouse velocity of tion- In both pointing and tossing tasks, the goal waseto

1 mi/s to the right; i.e., the C:D ratio was (1 m/s)/(32 cm) = '@asewhen the cursor was over, or as close as possible to,
3.125 51, Our own informal testing indicated that 1 m/s was the target on screen. (In tossing, this meant the goal was to

close to the upper limit of limb movement, and [9] found a 'elease when the mouse had reached the target velocity.) We
maximum limb speed of about 1.5 m/s. decided to investigate two methods for releasgnual re-

lease, where the user manually releases the mouse button to
For bothpointingandtossingtasks, the location of the most ~ indicate that they have completed the desired physical mo-
extreme target (at 32 cm) was chosen so that the screen had Hon. andautomatic release, where the end of the input mo-
large margin of empty space to the right of the target, so that tion is determined automatically, regardless of when the user
the cursor would remain visible in the event of overshooting. "eleases the mouse button.

Our design required the user to drag the mouse, i.e. with the T0 inform the design of a full experiment, including what

mouse button held down, in trials for both pointing and toss- Kind of targets to use, we first performed a pilot experiment
ing. This is because we feel that practical uses of tossing {0 gather some initial data.

would likely require dragging, and we did not want our ex-

perimental comparison to give pointing an unfair advantage Pilot Study

by allowing pointing to be done without dragging. (Previous The pilot study involved 2 users, and involved both pointing

research has shown that dragging results in a lower index ofand tossing, as well as circular targets and crosshair targets.
performance [30].) There were four main conditionspkiting, with Manual re-

lease, at crosshair targets (PM-+)ifting, with Manual
For each of the tasks, we had to choose between presentingelease, at circular targets with a 2 cm diameter (PM-O);
targets as either circles with a given size, or as crosshairsTossing, with_Manual release, at crosshair targets (TM-+);
marking a point target with no size (Figure 3). Traditional and Tossing, with_Aitomatic release, at crosshair targets
pointing tasks are performed with a target with a given size, (TA-+). The first two conditions were to test if target type
and participants are asked to acquire the target anywherewvould make a difference in traditional pointing, and the last
within its area. We could have given users the same goal intwo were to test the automatic release in tossing.
a tossing task using circular targets, however we were con-
cerned that this would have only allowed us to measure anln tossing, automatic release occurred when the peak (i.e.
error rate indicating how often the user falls anywhere on maximum) velocity was detected in the input motion, and
the particular targets used in the experiment. For example, athis peak velocity was used as the input velocity for the toss.
(Note that peak velocity is also used by [4] for predictively



completing movements, however their work is aimed at im- traditionally use targets having some size, we used 2 cm cir-
proving pointing rather than tossing, and they do not exam- cular targets in all conditions in the full experiment. A sec-
ine the standard deviation of the peak velocity as a function ond result of the pilot was that the automatic release mecha-
of target distance as we do.) Detecting this peak in real time nism in tossing worked well, and seemed to work better than
was done simply by waiting for the velocity to decrease re- manual release. Thus, in the full experiment, we added a
peatedly over a small numbét of samples (withN = 5), condition which tested a similar kind of automatic release
and assuming that the velocity encountekédamples ear-  condition for normal pointing, to make the main conditions
lier is the peak for the whole motion. Such an automatic symmetrical. Finally, a third finding from the pilot was that
release might yield better performance than manual releasewve observed that users sometimes started moving before a
for four reasons. First, requiring the user to release the but-trial had begun, in anticipation of the target. To eliminate
ton when they reach their desired velocity might interfere this in the full experiment, we added a random foreperiod,
with the execution of their movement. Second, using the which we explain below.
peak velocity of the user might make it easier for the user to
achieve larger target speeds. Third, there is prior evidencer| study
that, when throwing darts, people release the dart close to
the peak velocity of the throw (about 2-11 ms before peak
velocity [38]). Fourth, the slope of the velocity curve is zero
at the peak and therefore minimally sensitive to small errors
in whenthe curve is sampled, whereas sampling the curve Conditions
anywhere else where the slope is non-zero will result in a The full experiment crossed thechniquePointing or Tossing)
larger variance if the sample’s timing (e.g. the user’s timing and release-typgManual or Aitomatic) variables, yielding
of the button release) is slightly off. 4 main conditions, abbreviated as PM, PA, TM, and TA. In
all conditions, targets were circles with a 2 cm diameter. In
To further illustrate the distinction between manual release the PA (pointing with automatic release) condition, the au-
and (automatic) release at peak velocity, Figure 4 shows atomatic release occurred when the mouse’s speed dropped
physical analog where both types of release are possible. below 50 mm/s for 50 ms.

Participants
The full experiment involved 12 right-handed participants.

As mentioned earlier, the data collected in the pilot study in-
dicated that users often began moving the mouse before the
start of the trial. In other words, users would initiate move-
ment slightly before pressing the mouse button down, in an-
ticipation of the target that would appear. Thus, the mouse
would already have momentum to the right when the trial be-
gan. For the full experiment, we prevented such anticipatory
Figure 4. Two ways of physically accelerating and releasingpuck with processes by imposing a pause of random duration, called a
e o ok e e soms o e aemy | foreperioc between the mouse buton down press. and the
not c’(Jincic?e with th% hand’s peak velocity.Right: The hand pushes th)(/e appearance of the targ_et' Th_e fore.perIOd lasted betV\_/een 600
puck forward to accelerate it. As soon as the hand decelerates (i.e. af- ~and 1400 ms, and during this period no mouse motion was
ter reaching its peak velocity), contact is “automatically” lost with the allowed. At the end of the foreperiod, the target would ap-
puck. pear, and users were then allowed to begin moving toward
it.
For each of the 4 main conditions, there were 5 targets, dis-
played on-screen at distances of 2, 4, 8, 16, and 32 cm fromFor each of the 4 main conditions, users were given the fol-
the starting position. (In the case of tossing, each target dis-lowing instructions:
tance corresponded to a target velocity, with the target at
32 cm corresponding to 1 m/s, and others corresponding to  “Your goal will be to quickly bring a cursor inside cir-
linearly smaller velocities. For example, the target at 2 cm  cular targets. If you are unable to bring the cursor inside
corresponded to 6.25 cm/s.) For each main condition, users the target, try to be as close as possible.”
performed 25 practice trials (5 for each target distance) fol-
lowed by 250 trials (50 repetitions for each target distance) and then performed 25 practice trials (5 for each target dis-
in random order. Hence, there were 2 participan main tance) followed by 125 trials (25 repetitions for each target
conditions (PM-+, PM-O, TM-+, TA-+) 5 target distances  distance) in random order. Hence, there were 12 participants
x 50 repetitions = 2000 trials in total. x 2 techniques (Pointing and Tossing) 2 release-types
(Manual and Automatick 5 target-distances (2, 4, 8, 16,
For brevity, we only mention three results of the pilot study and 32 cm)x 25 repetitions = 6000 trials in total. As in
here. First, in tossing, the error in the final position was so the pilot study, a target distance of 32 cm corresponded to a
large that users were rarely within a 1 cm radius of the tar- velocity of 1 m/s in the tossing conditions.
gets, suggesting that even if 2 cm diameter circular targets
had been used in the tossing tasks, it would have made littleIn choosing the order of presentation of conditions, we de-
or no difference to the distribution of final positions. Thus, in cided that the two pointing conditions should always appear
the full experiment, for consistency with pointing tasks that before the two tossing conditions, because the pointing con-




ditions were much more familiar to users. However, within (p < .05). Thus, Fitts’ law can be used to model average
each pair of conditions we varied the ordering, resulting in movement time in all conditions.
a total of 4 orderings (PM,PA,TM,TA), (PM,PA, TA, TM),

H Movement TImeMT in ms, for each Index of Difficult Linear Regression of

(PA,PM,TM,TA), (PA!PM!TAvTM) that were each aSSIgned ID = log,((Target Distance in cif2+ 1) in bits MT with respect tdD

to one quarter of the participants_ 1.000 [ 1585 [ 2.322 | 3.1I70 4,087 slope [ intercept] r
bits bits bits bits bits myT bwvt

PM:|| 192.947| 284.017| 433.801| 572.673] 795.101 | 193.276] —14.505] 0.997

. : PA:| 195.493| 285.087| 465.386| 600.402| 880.844 | 218.708| —46.642| 0.993
Results and Discussion of Full Study TM: | 92.599 | 126.446| 156.841 215.706] 295.337 | 64.360 | 20.806 | 0.991

Movement Time TA:|| 86.705 | 122.725] 155.508] 206.173] 290.413 || 63.796 | 17.099 | 0.990
For all conditions, movement time MT was measured be- Table 1. Average movement time$ T in ms for each target distance, by
twgen the start of the movement (deﬂned to occur when ve- condition, and the result of linear regressions. The conditions PM,’PA,
locity went above 30 mm/s for 50 ms) and the end of the 1y, Ta correspond to Pointing with M anual and Automatic release,
movement (defined to occur when velocity dropped below and Tossing with Manual and Automatic release, respectively.

30 mm/s for 50 ms — these thresholds are based on [11]).

Thus, movement time did not include reaction time. Note o -

that, in the TA condition, the time between onset of move- Efror in Final Position S _

ment and automatic release of target (occurring at the peakor each target distanck there is a distribution of final po-
velocity) is lessthan the MT we defined, however our MT  Sitions achieved by the user with mearand standard de-
better reflects the total temporal cost of the user's action, es-viation 0. We characterize the distribution by its constant
pecially in the context of repeated target acquisitions (where €MorCE = i —d (i.e., a negativeCE indicates systematic

the user would have to terminate the movement for one tossundershoot) and variable erdiE = o (a synonym for the
before initiating another toss). standard deviation). Tables 2 and 3 show the valugSEof

andVE for all conditions, and the results of linear regres-

Figure 5 shows MT broken down by target distance for each Sions, now with respect to target distance rather than index of
condition. Analysis of variance revealed two main effects on difficulty ID. (We also performed regressions@i andV E

MT: one for technique (F11 = 154.24,p < .001), meaning  With respect tdD, but these resultinvalues closer to zero.)
that the tossing conditions required significantly less time Again, regressions were performed on aggregated data, with
than the pointing conditions, and another main effect for 5 data points for each regression, hence athlues greater
target-distance (4 = 524.64,p < .001). than 0.9 (or less thar0.9) are significantg < .05).

1000+ L Constant Erro€E in cm, Linear Regression &@E with
B2 Pointin g, Manual for each Target Distance in cm respect to Target Distance
2cm 4cm gcm 16cm 32cm slope [ intercept r
mce bce
PM:|| 0.0209 | —0.1095| —0.0440 | 0.0839 | —0.0749| —0.0005| —0.0191 | —0.071
PA:|| —0.1154| —0.3666 | —0.3304 | —0.4214 | —1.2714 || —0.0348 | —0.0697 | —0.951
TM: ]| —0.0810| —0.8796 | —2.3695| —5.1826 | —7.9906 || —0.2631 | —0.0378 | —0.983
TA:|| 0.5751 | 0.5326 | —0.1025| —2.4999 | —4.6407 || —0.1847 | 1.0638 | —0.986

=3 Pointing, Auto
=Z4 Tossing, Manual
I Tossing, Auto

g

500+ Table 2. Constant errorCE in cm for each target distance, by condition,

and the result of linear regressions. Most of theCE values are negative,
indicating undershoot (i.e. the mean of the distribution is to the left of
the target center). Not surprisingly, CE is small in the pointing con-
ditions. In the tossing conditions,CE increases negatively with target
distance, in a roughly linear fashion (rsomewhat close to-1), and is
reduced in the automatic release condition.

250+

Movement Time (ms)

Pl b L AR AR R R A A

RO
L i i A i

OO

2cm 4cm 8cm 1

Variable ErroVE in cm, Linear Regression &fE with
Target for each Target Distance in cm respect to Target Distance
2cm [ 4cm | 8cm [ 16cm | 32cm | slope | intercept r
mve E
Figure 5. The movement time for each target distance, by contion. F;’Xf 8-313;% 8-%23 g-ig;g g-igg; giégg 8-8883 83;;; g-ég%
Error bars Sdh(.’W the Stﬁ”dard ear_ror of the mean ('ae"g/ VN). In t?e . TM: || 1.3773| 1.6560] 2.6330| 4.6122| 8.0084]| 0.2247| 0.8709 | 0.999
tossing conditions, each target distance corresponds to a target velocity TA 115871 11038 155111 2.9463] 54755/ 0.1508] 05767 | 0.995
(2 cm corresponds to 6.25 cm/s, 32 cm corresponds to 1 m/s, etc., in a

linear fashion).

Table 3. Variable error VE in cm (i.e., the standard deviation) for each

. .. . target distance, by condition, and the result of linear regressions. Not
For each of the main conditions, the movement times were surprisingly, VE is small when pointing with manual release. In the

fit to a straight line with linear regression with respect to in- (gssing conditionsV E increases with target distance, in a linear fashion
dex of difficulty (Table 1). As is often done in experiments (r close tol), and is reduced in the automatic release condition.
involving Fitts’ law, the regression was performed on aggre-

gated data, i.e. on average movement times, so only 5 data=or CE, analysis of variance revealed three main effects:
points were used for each regression. Table 1 completelytechnique (11 = 46.94, p < .001), release-type {1 =
specifies the 5 data points used in each regression, as cab.94,p < .05), and target-distancek = 44.73,p < .001).

be verified by the reader. We note that the correlation co- For VE, there were two main effects: technique {F=
efficientr is at least 0.99 in all conditions. Consulting a 77.23, p < .001), and target-distance 4z = 51.39, p <
standard table of significance levels, we find that ewglue .001). It follows that pointing had a significantly low€E
greater than 0.9, computed from 5 data points, is significantandV E than tossing. Among the interactions found, two



2-way interactions were notable: a technique by release- Pointing with Manual Release
type interaction (f11 = 14.70,p < .01) forCE, and a tech- 45 ' '
nique by release-type interaction (it = 33.44, p < .001)
for VE. These interactions reflect the fact that automatic
release mad@ointing significantly worsein terms of CE
andVE, whereas automatic release also meaksingsig-

N
o
T
L

w
(4]
T

nificantly betterin terms ofCE andV E. £ 301
Figures 6-9 depict the distribution of final positions as a & *°|
function of target distance for each of the 4 main condi- ¢ 5!
tions, and Figure 10 shows a theoretical case. In all five 3
figures 6-10, the axes are set to the same scale, and the i 157
height of the error bars is set to 4.133 standard deviations
(i.e.++/1e/20 ~ £2.0660 around the mean, or a width of

4.133 times th&/ E values in Table 3). This width encom- 5t

passes

erf(\/me/2/V/2) ~ 96%

of the distribution, corresponding to an error rate of about

4%. 4.13% is also the effective width\e of the targets, as  Figure 6. Performance in the pointing with manual release codition.

defined and explained in [29]. Not surprisingly, the distributions of final positions are tightly clustered
around the line y = x, because in general users were able to fall within

Figures 6-9 contain the following 3 kinds of lines: (1) a dot- each targetregardiess of target distance.

ted liney = x passing through the center of the targets, (2) a

solid liney = x+ mceXx+ beg showing the line that best fits

the centers of the distributions, whareg andbcg are the 45 —

slope and intercept taken from the appropriate linear regres-

Target Distance (cm)

Pointing with Automatic Release

sion in Table 2, and (3) dashed lings= X+ Mcex+ beg + 401
2.066(myex+ by e) showing the effective target width, where ol
mye andby g are similarly taken from the regressions in Ta-

ble 3. 301

N
(6]
T

Not surprisingly, in the pointing with manual release (PM)
condition, theCE andV E are small and approximately con-
stant across target distances (Figure 6). This is because the
user can reduce the error in the final location by simply
performing corrective submovements as required, prolong-
ing the movement time. In the other three conditions, how- 101
ever, especially TM and TA, the correlation coefficients in
Tables 2 and 3 are high, and the corresponding Figures 7-9
indicate there is a linear relationship betw&#s and target )
0

distance, and also betwe¥tt and target distance. 2 4 8 16 32
Target Distance (cm)

N
o
T

Final Position (cm)

15¢

Unfortunately, the/E in the tossing conditions is so high
that the error bars in Figures 8 and 9 overlap vertically to a Figure 7. Performance in the pointing with automatic releasecondition.
large degree. This means that, in a practical setting, tosses b small negative constant error (shown by the solid line appearing be-
the user toward the same 5 targets would be misinterpreteo{f:’l‘;" g:%g?;fge“ne) Is seen, as well as a variable error that grows with
by the computer much more often than 4% of the time. For 9 '

reliably distinguishable targets (i.e. with an error rate of 4%
or less), in the TM condition, there appears to be room for
only two targets in the velocity domain: one at 2 cm (i.e.
6.25 cm/s), and one at 32 cm (i.e. 1 m/s). In the TA condi-
tion, however, the error is smaller, and there appears to be
room forthreereliably distinguishable targets, as shown in
Figure 10.

form a proper comparison of these two techniques.

First, as shown in Figure 5 and Table 1, tossing with au-
tomatic release can be performed faster than pointing with
manual release, however this comes at the cost of a higher
constant erroCE and variable erro¥ E (Tables 2 and 3).
Thus, there is a tradeoff between the PM and TA techniques
Indices of Performance of Pointing and Tossing that complicates comparison.

Of the four techniques tested in the full experiment, the most

successful pointing and tossing techniques were PM and TA, The second, more subtle issue to consider, is related to the
respectively. There are a couple of issues to consider to in-target distancehat was manipulated as an independent vari-



Tossing with Manual Release
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Figure 8. Performance in the tossing with manual release coritibon.
The effective widths of the targets at 2 and 32 cm do not overlap in
space, however there does not seem to be room to add a 3rd non-
overlapping target in between them.

Tossing with Automatic Release
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Figure 9. Performance in the tossing with automatic release andi-
tion. The effective widths of the targets at 2 and 32 cm do not overlap
in space, and furthermore there appears to be room to fit a 3rd non-
overlapping target in between them (see Figure 10).

able. As already mentioned, in the pointing conditions, the
C:D ratio was 1, so the target distance was the same on-
screen and in the physical domain. For convenience, the

Tossing with Automatic Release
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Figure 10. Theoretical performance in the tossing with autoratic re-
lease condition. Two of the experimentally measured distributions are
shown (the ones at target distances of 2 and 32 cm from Figure 9) in
black. In addition, a theoretical distribution, found through interpola-
tion, is shown in red. The dotted lines clearly show that the error bars
do not overlap in space, hence there appears to be room for 3 targets
with non-overlapping effective widths.

tances for tossing. Thus, comparisons between techniques at
each target distance, such as those in Figure 5 and Tables 1-
3, are arguably misleading.

Therefore, to properly compare the PM and TA techniques,
we calculate their respective index of performanhee(i.e.
their bandwidth, or throughput). To do this, we first need to
properly account for the largéE with tossing by using the
effective widthW, of the targets for each technique [29]. In
addition, because of the lar@E with tossing, we also cal-
culate the effective distand®, of each target for each tech-
nigue. Table 4 shows these effective quantities and Table 5
shows the resulting regressions.

Target Distance 2.000 | 4.000 | 8.000 | 16.000 | 32.000
CE 0.021 | -0.110] —0.044] 0.084 | —0.075
D = Target Distance-CE || 2.021 | 3.891 | 7.956 | 16.084 | 31.25
PM VE 0.201 | 0319 | 0.352 | 0.357 | 0.314
We =4.133VE 1203 | 1.318 | 1.453 | 1.474 | 1.296
IDe =100, (De/We + 1) 1422 | 1.983 | 2.695 | 3.574 | 4.680
MT | 192.947|284.017|433.801|572.673| 795.101
Target Distance 2.000 | 4.000 | 8.000 | 16.000 | 32.000
CE 0.575 | 0.533 | —0.103] —2.500] —4.641
De = Target Distance-CE || 2.575 | 4.533 | 7.898 | 13.500 | 27.359
TA VE 1159 | 1.104 | 1.551 | 2.946 | 5.476
W, =4.133VE 4789 | 4562 | 6.410 | 12.176 | 22.629
D¢ =l0g,(De/We + 1) 0.621 | 0.995 | 1.158 | 1.076 | 1.143
MT 86.705 [122.725]155.98]206.173| 290.413

Table 4. Effective distanceDe, effective width W, effective index of dif-

same on-screen target distances were used in the tossing coffrulty 1D, and related quantities for the pointing with manual release

ditions, however in the physical domain these target dis-
tances corresponded Yelocitiesto be acquired by the user.
The fact that an on-screen target distance of 2 cm corre-
sponded to a velocity of 6.25 cm/s is simply a consequence
of the C:D ratio used in our tossing conditions. Had we used
a different C:D ratio for tossing, but kept the same target
velocities, this would have changed the on-screen target dis-

(PM) and tossing with automatic release (TA) conditions.

To find the index of performand® for each technique, one
approach is to defint® = 1/b whereb is the slope of the
regression line. This results IP = 1/(184.438 ms/bit) =
5.42 bits /s for the PM condition, ane = 1/(253.773 ms/bjt=
3.94 bits/s for TA. However, thE® = 1 /b definition has the



Linear Regression of Although Figure 10 indicates that there should be room for a
MT Wlth. respect tdDe 3rd target, this is based on targets having an effective width
slope | intercept| r of 4.133 standard deviations (i.e:\/me/20 ~ +2.0660
PM: || 184.438 | —73.798 | 0.999 around the mean), corresponding to an error rate of
TA: || 2563.773 | —81.182 | 0.707

1—erf(y/Te/2\/2) ~ 4%
If a higher error rate is tolerable (or a lower error rate is
required), or the experimental conditions are modified, then
disadvantage of not taking into account the intercepf the number of aIIowabIe_targets may change. Hence, we now
the regression. Furthermore, we note that in Table 4, all the SNow how to calculate, in general, the optimal placement of
ID values for TA are below 1.2 bits (making it all the more N of targets, and the estimated error rate that should result
important to takea into account), and the value for TA in rom this.
Table 5 is only about 0.7. Thus, it is doubtful that the slope
of the regression line for TA will, by itself, accurately reflect
the bandwidth of the technique.

Table 5. Linear regressions oMT using effective index of difficulty.

Let x; andxy be target distances within the range of dis-
tances that a user can reasonably achieve, xyithear the
lower end, andy near the upper end. We wish to choose

An alternative definition of the index of performancéRs= intermediate target distances ..., xy-1 that minimize the
De/MT, wherelD, and MT are the average effective in- ov_e_rla_p between the distributions of final positions and thus
dex of difficulty and average movement time, respectively Minimize the error rate. Lédce, mce, bve, mye be slope and
(see [41, 39] for discussion of these and other approacheémercept regression constants for constant error and yanable
to calculating index of performance). This definition im- €TOr, as in Tables 2 and 3. To simplify our analysis, we
plicitly takes into account the intercept but has the dis-  initially assume thabce = bye = 0. Figure 11 illustrates.
advantage that it depends on the range of (distance,width),For each target distanoe the distribution of final positions
target values used in the experiment. However, as already!S centered around the megn= x+ mcex, corresponding
mentioned, the target distances were chosen to cover most!C @ Point on the solid line in Figure 11 whose equation is
if not all, of the full range of reasonable tossing speeds, Y = X+ Mcex. The portion of a target's distribution that
thus we expect this definition to yield more meaningful val- does not overlap (iry) with other targets corresponds to
ues ofIP. Performing the calculation, in the PM condition, Y= H+20, wherezis az-score. These non-overlapping por-
IP = (2.871 bits)/(455.708 ms) £.30 bits/s, and in the TA tions are delimited by the dashed lines in Figure 11, whose

condition, IP = (0.999 bitg/(172.305 ms) =5.80 bits/s. ~ €guations arg =x+meex+z(nvex). (In Figures 6-10, the
The difference ifP values is less than 10%. dashed lines correspond to a z-score-6f4.133/2, whereas

z has an unknown value in Figure 11.) As can be seen, the

Thus, although tossing is faster than pointing, these calcula-non-overlapping portions of the distributions form the verti-
tions indicate that the loss of precision with tossing is such ¢l segments of a staircase pattern.

that information cannot be expressed quite as efficiently with _ , ,
tossing as it can be with pointing. Of course, our experiment VNN, X, Xy, we would like to calculate and the associ-
only tested one set of conditions, and future work may find ated error rate. The staircase pattern in Figure 11 results in
different results. However, assuming that tossing has indeedtn€ valuesa, ..., xy forming a geometric sequence. (To see
a smaller bandwidth than pointing, it would seem unwise this, consider the trlan_gles_bounded by the horizontal axis
to design interfaces where input is done exclusively through ¥ = 0, the (dotted) vertical lines=x; fori =1,...,N, and
tossing, without any pointing. However, a case can still be @Y Of the (solid or dashed) diagonal lines in the figure, and
made for interfaces that use a mixture of pointing and tossing note hOV\_/ these tnang_les are similar.) The scale factor of the
for input. In a later section of this paper, we discuss mecha- 960Metric sequence is

nisms by which a user could switch between normal pointing X XN XN

and tossing. Performing such a switch is one way of telling S= o T N‘\I/)T

the system that the user is interested in a different class of L N-1 L

targets or a different class of actions, and would allow the Next, consider the value of, at the boundary between the
user to perform fast, imprecise, distant displacements with last two targets, located betwegn 1 andyy. The value of
tossing whenever desired. More generally, an interface couldy* can be expressed either as thatyef ; plus half a step
also be designed to support switching between normal point- (of appropriate size), or agy minushalf a step (again, of
ing and one of several other possible input schemes (suchappropriate size). To be precise,

as object pointing [22], a bubble cursor [21, 10], or normal

pointing with a larger gain). However, having tossing as the Yy =yN-1+2(Mvexn-1) = yn —z(mvexn)

2nd mode has the advantage that tossing has a familiar, natExpanding the expressions fa_1 andyy,

ural metaphor in real life, and may be easier to understand

for users than other input schemes. (1+mee)xn-1+Z(MyeXn-1) = (1+ Mee)Xn — Z(MVEXN)
Substituting inky = s Xy—1 and solving forz, we find
ERROR RATE AS A FUNCTION OF NUMBER OF TAR- (]__|_ rrbE) (5_1)

GETS mve (s+1)
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Figure 11. A theoretical “staircase” pattern formed by having N targets
to toss to (in this caseN = 4). The dashed lines delimit the vertical
segments of the “stairs”, i.e. the portions of the distributions that do
not overlap. Any tosses that fall outside the dashed lines are errors,
because they will be misinterpreted as tosses to a different target. In
other words, each target is effectively a vertical segment centered at
somey;, and the user must toss within the vertical segment.

Finally, assuming normal distributions, the error rate that
should result from this non-overlap is-lerf(z/v/2).

If we now allow for non-zero values &g or byg, it turns

toss toward 3 targets in the same direction with an error rate
below 4%.

The theoretical error rate of 11% fof = 4 is rather high,
however it may be acceptable in certain applications where
the cost of an error is low. It is also possible that with a
different input device, and/or a better mechanism for per-
forming automatic release, the error rate ¥o&= 4 might be
reduced.

INTEGRATING TOSSING IN STANDARD USER INTERFACES
For practical applications, an interesting design question is
how to allow users to use tossing without interfering with
already existing mouse actions (pointing, clicking, and nor-
mal dragging) in status quo user interfaces. If tossing is only
possible when moving with the mouse button (or stylus tip)
held down, then clearly tossing will not interfere with nor-
mal pointing and clicking (i.e. press-releasing). The only
problem that would remain is disambiguating normal drag-
ging from tossing. Furthermore, of all the objects (icons,
windows, etc.) in an interface that might be dragged, the de-
signer may deem some of these objects as “non-tossable”.
Initiating a drag on such objects, then, would never be inter-
preted as a toss. Objects thwan be tossed might be indi-
cated as such by a special highlighting color or cursor shape
when the cursor is over them. To allow both tossing and nor-
mal dragging of such “tossable” objects, various approaches
are possible for disambiguating the two actions. The ap-
proach taken in [37, 2] is to use the velocity at release time
to disambiguate dragging (a release velocity near zero) and
tossing (a release velocity above some threshold). However,
this approach cannot be used in conjunction with automatic
release at peak velocity, which our experiment showed to be
more precise than manual release. The following are some

out that the only calculation that changes is of the scale fac- alternative approaches that assume tossing is performed with

tor, which becomes

N XN+ bye/myve
X1+bve/Mmve

The values of and of the error rate are calculated using the
same expressions as before.

Taking the experimental results in the tossing with automatic
release condition, we sgt = 2, xy = 32, mcg = —0.1847,
mye = 0.1508, andoyg = 0.5767. We can then find the
theoretical error rate as a function of the number of buttons
N, as reported in Table 6.

N S z error rate
3 | 2.480| 2.299| 2.148 %
4 | 1.832| 1.589| 11.214 %
51 1.575| 1.207| 22.743 %

Table 6. Theoretical prediction of the error rate, and other parameters,
as a function of the number of discrete tossing target$, for tossing
with automatic release.

Although we have not tested ti= 3 case with an appro-
priately positioned intermediate target, both Figure 10 and

the above calculations indicate that users should be able to

automatic release:

1. To toss an object, press over it and drag faster than some
minimum threshold speed. Dragging slower than the thresh-
old is interpreted as a normal drag. (Unfortunately, this
could prevent users from dragging an object to a desired
location as quickly as they would like to, and could also
increase the lowest target speed for tossing, thus reducing
the available rangk, x| for discrete tossing targets.)

2. To toss an object, press over it and drag. To drag an
object normally, press-pause over it (i.e. press and then
wait for some small span of time, such as 300ms), waiting
for some visual confirmation (such as a change in cursor
shape) that the object will not be tossed, and then drag
normally.

. To toss or normally drag an object, press over it and drag.
During dragging, the system continually looks for veloc-
ity peaks in the user’s motion, and highlights the location
that the object would be tossed to if the toss is accepted
by the user. (Alternatively, the object could be tentatively
moved to the final location, and would spring back if the
user declines the offered toss.) To accept the offered fi-
nal position of a toss, the user releases the mouse button
immediately. To ignore or decline a tossed position, the



user can continue dragging to new locations, and can alsofirst or last page of the entire document, (5) tossing the cur-
dwell over a location (say, for 300ms) to decline the most sor itself toward widgets (buttons, menus, tool palettes, etc.)
recently offered toss and then release to drop the objectthat it can interact with, as a shortcut to pointing.
at the position dragged to. This approach is similar to the
previous one, except that the pause is moved to the end ofSince Figure 10 and Table 6 indicate that only 3 discrete tar-
the normal drag action. gets could be reliably tossed to in the same direction, we
must consider what to do if there are more than 3 discrete
4. To toss an object, press over it and drag. To drag an objecttargets in a given direction. One possibility is, when the user
normally, press-release (or press-release-press-release, agoves their cursor over a tossable object, the system could
in a double click) over it to “attach” it to the cursor, then highlight the 3 most likely tossing targets in each direction
move to the destination location (without holding down (where likelihood could be a function of past usage and/or of
the button), and press-release to “drop” the object. (This the compatibility of object and target types (sdel of [5]
approach has the disadvantage that press-release and doiier related strategies for determining candidate drop sites)).
ble clicking are often already used for selecting and open- If the user tosses the object, the “slow”, “medium”, and
ing an object, respectively.) “fast” tossing speeds would be mapped to the closest, in-
termediate, and farthest highlighted targets in the appropri-
5. To toss an object, press over it and drag. To drag an objectate direction. This approach would mean that if the user
normally, press-release-press (i.e. one-and-a-half clicks)wishes to move the object to a target that isn't highlighted,
over it to grab it, drag to the destination location (while they would probably drag it normally instead of tossing.
holding down the button), and release to drop the object.
Another possible approach is to highlight the 3 closest tar-
6. Use one button for normal dragging, and another button gets in each direction, and to allow the useregossan ob-
(or the same button with a keyboard modifier key) for jectone or more times before releasing the mouse button. In
tossing. (This approach has the disadvantage that it iseffect, the first velocity peak detected would cause a toss, but
more difficult to use with a stylus, and it requires using @also rigidly “connect” the cursor to the object (now possibly
two hands or may require using a button that is already far away), enabling additional tosses to be performed, until
mapped to a function such as the common right-click menutjie button is released at which point the connection would
disappear. Such re-tossing would be useful not just for toss-
7. Use a virtual button or widget to switch between normal ing farther than the 3 closest targets, but also for correcting
dragging and tossing. For example, thaling widgetin an erroneous toss.
[19] could be used to perform such switching, generally ) ) o
remaining close to the cursor for easy access but also usuJn the superflick [37] technique, the tossed object is released
ally out of the user's way. when the user lifts the stylus tip (equivalent to releasing a
mouse button), at which point the final position of the toss
Approach #6 above is an obvious one to take when using ais immediately displayed, and an animation also plays out,
mouse with more than one button and/or a keyboard. The showing the motion of the object to its final position. Dur-
fact that the right mouse button may already be mapped to aing this animation, the user may click and drag a second
right-click menu need not be a major obstacle, since a right- time to displace the final position in a relative manner, again
press-release (or right-press-pause) could still open the men@s if there were a rigid connection between the final toss lo-
normally, while a right-press-drag would initiate a toss (or a cation and the pointing device. (Also, during such correc-
normal drag, as the case may be). tive displacements, the C:D ratio is temporarily changed to
1:4.) Thus, tossing and correcting with superflick requires
Approach #5 listed above may be the most viable, since it two press-drag-release actions. In contrast, if an automatic
can be used with a stylus without any extra buttons, does notrelease technique were used, tossing could be performed by
require slowing the user down with any imposed pauses, andPress-dragging, and then corrections could be performed (ei-
makes use of a one-and-a-half click action that, as far as wether by re-tossing, as describing in the previous paragraph,
know, is not currently mapped to an operation in any existing Or by displacing the final position with relative motions) all
interface. within a singledrag. Such a technique would improve the
precision of the initial toss, and also have the advantage that
Tossing within an interface could be done toward a contin- the user would not have to wait for an animation to termi-
uous range of locations, or toward a set of discrete targets.nate before clicking and dragging to initiate some other ac-
Examples of cases where it could make sense to have a set ofion. Although an animation could still be played out, the
discrete tossing targets defined include (1) tossing icons intouser could release immediately if they see that no correction
windows or into folders, (2) tossing thumbnails of photos is necessary, and move on to some other action before the
into piles or groups of photos, (3) tossing windows toward animation has finished. An additional improvement to the
the edges of the screen or toward empty spaested be- superflick technique would be to change the C:D ratio dur-
tween other windows, (4) tossing the thumb of a scrollbar ing corrections td:vo, wherek is some constant ang is
toward chapter boundaries within a document or toward the the release velocity. Thus, the C:D ratio would scale with the
release velocity, rather than being fixed at 1:4. This is moti-

Z_S,uch_ermty spaces could be automatically found using the tech- vated by the fact that our experiment found that the standard
nique in [6].




deviation in final tossed position varies linearly wig) thus improved to allow tossing with correction in a single press-
faster tosses will usually require larger corrections. drag-release, using automatic release, and using a C:D ratio
during correction that depends on the release velocity. This
Finally, after a toss is performed, there are a few forms of improved superflick technique could also be tested experi-
visual feedback that could be displayed. [37] displays the fi- mentally.
nal location of the toss as well as an animation of the tossed
object moving toward that location. To save time, an alterna- We also suspect that the automatic release technique that we
tive form of feedback that might be easier to see when playeddescribed fopointing, which was shown to worsen perfor-
out at high speed would be a visual “smoke trail” or semi- mance, might be improved if the threshold speed used to de-
transparent streak toward the final location, that fades outtermine when the user has stopped was made proportional to
over a short period of time. Also of potential use would be the peak velocity. Such automatic detection of the endpoint
visual feedback indicating the peak velocity achieved, with of a pointing motion might be useful in interfaces where the
respect to the “slow”, “intermediate”, and “fast” speeds, per- user cannot perform explicit clicks, e.g. with eye trackers,
haps on a small linear scale that is popped up for a moment.and might prove superior to using a dwell time threshold for
This would allow the user to see if their toss was nearly (or “clicking”.
only slightly) misinterpreted, enabling them to calibrate their
speed in subsequent tosses. Finally, to allow easy undoingFuture work could also test the effect of different input de-
of unintentional tosses, a small virtual button could be tem- vices (e.g. mouse versus stylus) as well as different feed-
porarily popped up close to the cursor’s position. Moving back. For example, showing an animation of a virtual ob-
toward the button and clicking on it would undo the toss, ject decelerating to a final position, as done in [37], would
and moving away from it (which would usually happen nat- be more congruent with our everyday real world experience,
urally if the button is ignored) would cause the virtual button and might allow users to better adapt their subsequent mo-

to disappear. tions. Different friction models could be tested for driving
such animation, such as the kinetic and fluid friction we
CONCLUSIONS discussed. (Also of interest might be a friction model that

results in distance traveldd being a logarithmic function

of release velocity, so that the magnitude of the vari-
able error inD is independent oD, “evenly distributing”
error across distance.) Haptic feedback might also be useful
for improving tossing performance, to provide, for example,
cues about the weight of a virtual object, and/or signal when
release has occurred.

Our experimental study confirmed that tossing is significantly
faster than pointing, but is also significantly less precise.
The movement time associated with tossing was found to
increase linearly with the index of difficulty of the targets,
and the constant error and variable error were found to in-
crease linearly with the distance to the target. We found no
evidence that users can trade off movement time for preci-
sion during tossing, as they can in traditional pointing. From . . .
these results, we calculated the index of performance asso-lt could also be worthwhile to explore designs for widgets

ciated with tossing, and found it to be less than 10% lower ?n?rek?n O?n\e/ﬁ{?sc’-'tr{a'\?epggenmrroeﬁ?en dpl[g’S] svﬁ]iig'gegggg:?é
than the index of performance associated with pointing. We Y Prop P

also showed how to calculate the optimal arrangement of aselected with strokes of varying direction and speed (analo-

given number of targets in velocity space, and calculate the?oouzrtlo tpeisafgsgrrebr&?srgmeg Qfms'?z[ogﬂﬁgf‘:rse Sseennssl,ﬂ\ilvee
predicted error rate that results from such an arrangement pen p ’ y

We prcict it 3 optimalyposioned targets ionga snge 2 510K 2000, 1 a0 o Gecin) Tang s cen,
direction would allow for tossing with an error rate below ’ . gnttry gn agrap
4%. that uses tossing and velocity-based actions as much as pos-

sible, perhaps creating a “Tossy” interface in a spirit similar

We also demonstrated that tossing precision is significantly to CrossY [3] which is designed around crossing actions.

improved by automatically releasing at the peak velocity,
without requiring a longer movement time. On the other ACKNOWLEDGEMENTS ) . !
hand, automatically releasing during traditional pointing whenT Nis work was performed while Dragicevic and McGuffin

the velocity drops below a threshold significantly worsened Were members of the Dynamic Graphics Project (DGP) lab
precision. at University of Toronto, and was supported by NSERC.
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FUTURE DIRECTIONS

One obvious direction for future work would be to test the

error rates that we predict for arrangements of three or four Pushi . . :
: X . ; . ushing the desktop metaphor with physics, piles and

dlscrete targets in th_e ve]ocny do_mam, and to test this for the pen. InProc. CHI, pages 1283-1292, 2006.

tossing movements in different directions. We have also

discussed ways that the superflick technique [37] could be 2. D. Aliakseyeu, P. Irani, A. Lucero, and S. Subramanian.
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