Verification of ballistic movement models in a true 3D environment
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ABSTRACT: To provide an alternative methodology for evaluating individual differences and human-
computer interaction designs while performing three-dimensional (3D) movements, this study tested the ap-
plication of ballistic movement models. In a darkened room, six participants conducted 3D ballistic move-
ments of specific amplitudes using a personal computer, a self-developed laser emitter, and an electromagnet-
ic tracking system. The measured data of movement time and movement end-point variability were utilized

to test the ballistic movement time model and the ballistic movement variability model.
that both the ballistic movement time model and variability model described well the measured data.

The results showed
This

study showed the application potentials of ballistic movement models for evaluating 3D movements.
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1 INTRODUCTION

In our everyday living, we perform hand-control
movements to accomplish a variety of operational
goals. One of the most primitive movements is
called the “self-paced aiming movement”, in which
a human operator controls an object (such as a com-
puter cursor or a stylus) to reach a target by moving
a certain distance according to his/her own deter-
mined speed. Examples of these movements could
be threading a needle or pointing Nintendo’s
WiiRemote at the interface buttons on a TV screen.
Regarding to these self-paced aiming movements,
one of the most popular topics studied by research-
ers is the speed-accuracy tradeoff relationship.
Faster movements always result in less accuracy;
whereas, higher accurate movements require longer
period of time to compensate. To predict this rela-
tionship while performing self-paced aiming move-
ments, researchers have developed quantitative
models for tasks conducted in a variety of condi-
tions.

1.1 Fitts-type models

To predict the speed-accuracy tradeoff relationship,
Fitts” law (1954) is the most popular model that have
been applied for several decades. As shown in

Equations 1 and 2, Fitts’ law describes that the
movement time (MT) increases according to the in-
creased index of difficulty (/D), in which A is
movement amplitude and W is target width.

MT =a+b x ID (1)
ID = log, > ()

As shown in Equation 2, Fitts’ law was devel-
oped in a condition where only one-dimensional
constraint of the target (i.e., W) was considered.
Fitts’ law has been empirically validated for many
different types of movements, manipulations, envi-
ronments, and participant populations (see
Plamondon and Alimi 1997, for a review). The ef-
fectiveness of Fitts’ law in predicting the speed-
accuracy tradeoff relationship drives researchers to
extend the model for multi-dimensional constraint
targets.

While performing aiming movements on a plane,
it is reasonable to consider the effect of two-
dimensional constraint of a target. Several studies
modified Fitts’ law for multi-dimensional constraint
target acquisition. In additional to target width,
MacKenzie and Buxton (1992) considered the effect
of target height while the approach angle of an aim-
ing movement toward a rectangular target. They
proposed five potential forms of the W shown in



Equation 2 and found that the SMALLER-OF model
(smaller of width or height) and the W' model
(width along line of approach) fitted the data better.
The SMALLER-OF model was later supported by
Hoffmann and Sheikh (1994) who proposed a new
Fitts-type model (Equation 3) for two-dimensional
constraint target acquisition.

MT = ¢ + d X max[IDy, IDy] (3)

where MT again, is movement time; ¢ and d are
experimentally determined variables, IDy is the in-
dex of difficulty calculated in the movement direc-
tion and IDy is the index of difficulty calculated
perpendicular to the movement direction.

Furthermore, Fitts’ law is also extended to model
the three-dimensional constraints target acquisition.
Based on MacKenzie and Buxton’s (1992)
SMALLER-OF model, Ware and his colleagues
(Ware and Balakrishnan 1994; Ware and Lowther
1997) proposed a modified /D, shown as Equation
4, to predict three-dimensional constraint aiming
movements conducted in Fish Tank VR environ-
ments.

ID = log, (m

in(W,H,D) +1) (4)

where W, H, and D are target width, target height
and target depth, respectively.

Although Fitts-type models are effective in de-
scribing the speed-accuracy tradeoff relationships
while performing self-paced aiming movements at
one-, two-, and three-dimensional constraint targets,
the utilization of Fitts-type models has several limi-
tations.  First, as mentioned by Gan and Hoffmann
(1988), Fitts’ law falls when ID is small than three.
When pointing movements are with relatively short
movement distances and large target size, Fitts’ law
may not predict the speed-accuracy tradeoff rela-
tionship well.  Second, the Fitts-type models intro-
duced above lack of theoretical supports. Mac-
Kenzie and Buxton’s (1992) bivariate target model
and Ware and Lowther’s (1997) trivariate target
model were developed by including additional pre-
dictors to modify ID so that the experimental re-
sults could be fitted better. Hence, the models were
not supported by the concepts of information theory
originally applied to develop Fitts’ law. Finally,
Fitts-type models cannot provide separated perfor-
mance information of speed and accuracy while
evaluating individual differences or device designs.
The linear regression lines described by Fittts-type
models are an overall result comprising the perfor-
mance of speed and accuracy. While utilizing
Fitts-type models for evaluations, it is difficult to de-
termine the differences among regression lines were
resulted from the difference of speed or the differ-

ence of accuracy. The limitations mentioned above
encourage researchers to propose better methodolo-
gies for evaluation applications.

1.2 Ballistic movement models

To study how ballistic movements are related to
self-paced aiming movements, Lin and Drury’s
(2011) verified two models for predicting two-
dimensional ballistic movements performed on a
drawing tablet. The ballistic movement time mod-
el, as shown in Equation 5, predicts that the ballistic
movement time (t,quiscic) 1S linearly related to the

square root of ballistic movement distance (y/d,,).

thatlistic = € T f\/ dy (5)

where e and f are experimentally determined
constants.  Furthermore, the ballistic movement
variability model, as shown in Equation 6, predicts
that the endpoint variability of a ballistic movement
is linearly related to the square of ballistic move-

ment distance (d,,%).
02 =g+hxd,* (6)

where g and h are experimentally determined con-
stants.

Based on Equation 5, Equation 6 and the concepts
of the general model (Lin et al. 2009), Lin and Drury
(2010) demonstrated that how well a human operator
can perform self-paced aiming movements is based
on (1) the time required by him/her to perform bal-
listic movements (i.e., ballistic movement time) and
(2) how accuracy he/she can perform ballistic
movements (i.e., ballistic movement variability).

Compared to self-paced pointing movements, bal-
listic movements are relatively essential to describe
a human operator’s capability while performing
hand-control movements. As mentioned above, the
speed-accuracy tradeoff relationship described by
Fitts” law is a combination resulted from the proper-
ty of ballistic movement time and the property of
ballistic movement variability. To evaluate indi-
vidual differences or device designs, ballistic
movements could be a more representative experi-
mental task to measure.

1.3 Research objective

Since the ballistic movement models have been test-
ed in a two-dimensional environment by Lin and
Drury (2010), the purpose of this study was to fur-
ther test the application of ballistic movement mod-
els in a true three-dimensional environment.



2 METHOD

2.1 Participants and Apparatus

Three male and three female graduate students, aged
from 22-27 years, were recruited to participate in
this study. The average heights of males and fe-
males were 174.7 cm and 164.3 cm, respectively.
All of them were right-handed.

A personal computer (PC) with a 17 (432 mm)
LCD monitor was used to run Visual Basic using a
self-designed experimental program that both
showed the experimental tasks and measured task
performance. To show the experimental tasks, a
self-developed 3D ballistic movement execution de-
vice was utilized. As shown in Figure 1, the execu-
tion device consisted of a U-shape metal frame and a
laser emitter control box. One horizontal laser
emitter was affixed to the vertical rod of the U-shape
metal frame and eight vertical laser emitters were af-
fixed to the horizontal based. These laser emitters
(JPMJ-AC, 532 nm green line, 5mW, LightVision
Technology Corp.) emitted green laser beams that
could be seen clearly in a darkened room. Each
vertical laser beams were precisely adjusted to inter-
sect with the horizontal laser beams, resulting in
eight intersections with equal intervals of 50 mm.
The first intersection, counted away from the partic-
ipant, represented the start point of movements.
The rest of the intersections indicated seven move-
ment targets with different movement distances.
Via a USB (universal serial bus) cable connected to
the PC, the laser emitter control box controlled the
switches of laser emitters according to the experi-
mental program setup. To measure task perfor-
mance, a 3D Guidance trakSTAR (Ascension Tech-
nology Corp.) was utilized to continuously measure
movement positions in the 3D space.
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Figure 1. Executions of three-dimensional ballistic move-
ment.

2.2 Experimental setting and procedures

To make laser beams easy to see, the experiments
were conducted in a darkened room and the desktop
background of the PC was set as black color.
While conducting the experiment, as shown in Fig-
ure 1, participants stood in front of the 3D execution
device and held a stylus in which a 1.5 mm magnetic
position sensor was attached to the tip with a 330 cm
cable. To perform ballistic movements, they con-
trolled the stylus tip to move in the 3D space. The
movements were all performed away from the body
and toward the sagittal plane. The tasks started by
placing the stylus tip at the start point and then
moved rapidly toward the target point. Once the
stylus tip was moved away from the start point, the
laser emitters were turned off and the movement
time started to record. = When the movement
stopped, the laser emitters were turned on and the in-
formation about the movement speed and the
movement accuracy calculated in three dimensions
were immediately displayed on the monitor screen.
By moving the stylus tip back at the start point, the
participants could continue on the next trail.

2.3 Experimental variables

Independent variables of the experiment were ballis-
tic movement distance and hand. The seven values
of ballistic movement distance were 50, 100, 150,
200, 250, 300, and 350 mm. In a formal measure-
ment, every movement distance was replicated 24
times, resulting in a total of 168 trials. All the trials
were randomly conducted by each participant using
one hand, taking about 15 minutes to finish. Total-
ly, every participant used their hands in turns to per-
form four formal measurements. Before these for-
mal measurements, there were two separate half-
hour practices for each hand. Between two formal
measurements, there was a 15 minutes rest to allevi-
ate hand fatigue.

Four dependent variables, comprising ballistic
movement time, X error, Y error, and Z error, were
automatically recorded by the experimental program
after every completed experimental trial. As
shown in Figure 1, X error was the longitudinal dis-
crepancy between a ballistic movement endpoint and
the target point. Y error and Z error were the per-
pendicular discrepancy between the endpoint and the
target point. However, Y error was measured in
horizontal direction and Z error was measured in
vertical direction.



3 RESULTS
3.1 Ballistic movement time

Analysis of variance was performed on the move-
ment time, using a mixed model with Distance,
Hand as fixed effects and Participant as random, in
which the two-way, three-way interaction effects
among these main effects were analyzed. The re-
sults showed significant main effects of Distance
(Fe 3948 = 101.41, p < 0.001), two-way interaction
effect of Participant x Hand (Fs53948 = 17.76,
p < 0.001), and three-way interaction effect of Par-
ticipant x Hand X Distance (Fzg394g = 1.90,
p < 0.01). These significant effects, as shown in
Figure 2, explained that (1) the increased ballistic
movement distance resulted in increased ballistic
movement time, (2) the change of hands had differ-
ent effects on ballistic movement time for individu-
als, and (3) the increase rates of movement time ac-
cording to increased distance were different for
participants while using different hands.
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Figure 2. Three-way interaction effect of Participant x
Hand x Distance.
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Figure 3. Relationship between ballistic movement time and

the square root of ballistic movement distance.

Because of significant main effect of Distance
was found, the test of Equation 5 could be per-
formed. The means of ballistic movement time
(tpauiric) Were regressed on to the square root of

ballistic movement distance (,/d,,) to give the slopes
and intercepts. As shown in Figure 3 above, the
model fitted the data very well. It accounted for
99.2 % variance of the overall participants’ data.

3.2 Ballistic movement end-point variability

The movement errors consisted of constant error and
variable error. To analyze whether the independent
variables had significant effects on these two types
of errors, 48 replications of each experimental com-
bination were calculated as the constant error and
the variable error (measured by variance). Howev-
er, only the results of variable error were discussed
in this article.

Analysis of variance was performed on three axes
of variable errors, comprising X-variable error, Y-
variable error, and Z-variable error, using a mixed
model with Distance, Hand as fixed effects and Par-
ticipant as random. Due to the limited degrees of
freedom, only main effects were analyzed. As
shown in Table 1, except that Participant did not
have significant effect on X-variable error, all the
independent variables had significant effects on
three axes of variable errors. As shown in Figure
4, participants performed the movements with dif-
ferent end-point variability if it was measured in Y
axis and Z axis. No matter which axis of variable
error was analyzed, movements performed by left
hand resulted in larger amplitudes of variance (see
Figure 5). Furthermore, as shown in Figure 6, the
increased ballistic movement distance resulted in in-
creased ballistic movement end-point variability for
all the three axes of errors.

Table 1. The significant effects of independent variables on
three axes of variable errors.

Variable Error

Effect X Y Z
Participant - * **
Hand * * *%*
Distance * fakoled flsled

Note: - (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001)
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Figure 4. Main effect of Participant on Y-variable error and
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Figure 7. Relationship between three axes variable errors and
the square of distance.

With Distance having significant effects on all the
three axes of variable errors, Equation 6 could be
tested for model fittings. Three axes error vari-
ances, calculate from the raw data for each distance,
were regressed on to d,* to give the slopes, inter-
cepts, and r? values. As shown in Figure 7
above, Equation 6 accounted for overall participants’
data well. It accounted for 96.6 % variance of X-
variable error, 92.2 % variance of Y-variable error,
and 89.3 % variance of Z-variable error. As pre-
dicted by Equation 6, the increased square of move-

ment distance resulted in increased end-point varia-
bility for all the three axes of variable errors. The-
se rates of increase arranged from high to low were
X-variable error, Z-variable error, and then Y-
variable error.

4 DISCUSSION

With a self-developed 3D ballistic movement execu-
tion device and a 3D Guidance trakSTAR, this study
successfully measured ballistic movement time and
ballistic movement end-point variability when par-
ticipant performed ballistic movement in a true
three-dimensional environment. As found in Lin
and Drury (2011), the ballistic movement time
ranged widely (150 — 500 milliseconds) than that re-
ported by Gan and Hoffmann (1988) because of the
wide range of d, values used as well as the exper-
imental setup. We were surprised that the main ef-
fect of hand had no significant effect on movement
time. Intuitively, our dominate hands should move
faster than non-dominate hands. Since our partici-
pants were all right-handed, we expected the move-
ments performed by right hands were faster (i.e.,
shorter movement times). However, as shown in
Figure 2, only Participant 6 performed movements
faster with his right hand. We speculated that the
reason might be due to the training effect. Alt-
hough every participant had the same practices for
both hands before formal measurements, all the par-
ticipants performed formal measurements with right
hands first. The formal measurements with right
hands might also improve the performance of left
hand. However, the result was found different in
movement end-point variability. As shown in Fig-
ure 5, it was clear that movements were performed
better using right hands no matter which axis of var-
iable error was considered. Furthermore, as shown
in Figure 6, we found that the amplitude of X-
variable error was much larger than those of Y-
variable error and Z-variable error. The difference
between the longitudinal error (i.e., X-variable error)
and the lateral errors (i.e., Y-variable error and Z-
variable error) increased rapidly as the movement
distance increased. This result was in line with
Grossman and Balakrishnan (Grossman and
Balakrishnan 2004) who reported that target size
dimension along the primary axis of movement had
a greater impact on performance than the other two
dimensions. While comparing the other two lateral
errors that both measured perpendicularly to the
movement direction, the Z-variable error was about
1.8 times larger than as the Y-variable error.

The testing of ballistic movement time model
(i.e., Equation 5) showed that the model predicted



the relationship between ballistic movement time
and the square root of ballistic movement distance
very well.  Equation 6 was originally tested by Gan
and Hoffmann (1988) with aiming movements with
small IDs and with short movement time (less than
200 milliseconds). In line with Lin and Drury
(2011), this study verified Equation 6 was valid for
the ballistic movements were performed even as
long as 500 milliseconds.

The testing of ballistic movement variability
model (i.e., Equation 6) showed that the model pre-
dicted well the overall participants’ data, indicating
that three axes of ballistic movement end-point vari-
ability were linearly related to the square of ballistic
movement distance. With the experimental setup
in this study, it was the first time that the three axes
endpoint variability were modeled and compared
while performing ballistic movements in a true
three-dimensional environment.

This preliminary study only demonstrated the ap-
plication of ballistic movement models in a true
three-dimensional environment. To show superior-
ities of the models, more independent variables, such
as gender, movement angle, age, could be tested by
using both ballistic movement models and Fitts-type
models. Once the ballistic movement models are
comprehensively validated, they could be utilized to
measure individual differences and to evaluate the
input devices and systems of vertical reality.

5 CONCLUSIONS

The study tested the ballistic movement models for
predicting movement time and three axes of move-
ment end-point variability while performing ballistic
movements in a true three-dimensional environment.
Both ballistic movement time model and ballistic
movement variability model predicted well the
measured data, showing their application potentials.
To demonstrate the models’ superiorities, compared
to Fitts-type models, individual differences and dif-
ferent device designs could be tested with larger
numbers of participants in future research.
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