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Abstract
An experiment was conducted to test the hypothesis that there
is a relationship between the direction of motion (angle) and
the time required to move the mouse tracker to a target and
that this relationship depends on the handedness of the user.
This was done by testing the time required for subjects to
perform a target acquisition task similar to item selection ill a
pie·shaped menu. Target size. distance and angular
placement were varied, with both right handed and left
handed subjects tested. A high correlation was found
between the empirical data and the predicted behavior
accordillg to the standard formulation of Fitts's Law that
involves only target size and distance. Right handed subjects
showed interesting variations in Fitts's Law parameters when
the target angle was varied. Left handed subjects, contrarily,
showed no effect. Possible rules of thumb involving tradeoffs
between speed and accuracy are suggested by the results, as
are a variety of open questions for future research.

Resume
Une etude fut conduite pour verifier l'hypothese q'uil y aurait
une relation entre la direction de mouvement (angle) and le
temps necessaire pour pointer une souris sur une cible, et que
cette relation dependrait de la chiralite de l'utilisateur. Dans
cette etude, des sujets devaient choisir un item dans un menu
circulaire. La grosseur de la cible. sa position et le
deplacement angulaire etaient changes et ce, pour des sujets
droitiers et gauchers. Une forte correlation fut etablie entre
les donnees empiriques et le comportement prcvu suivant la
formulation courante de la loi de Fitt basee seulement sur la
grosseur de la cible et son eloignement. Les droitiers ont
demontre des variations interessantes dans les parametres de
la loi de Fitt lorsque \'angle de la cible etait modifie. Les
gauchers. au contraire, n'ont pas semble affectes par ces vari·
ations. Les resuitats suggerent des regles empiriques pour un
1 Present address: Alias Research Inc., Style I Division, 110 Richmond Street
East, Toronto, Ontario, Canada MSC I PI.
2 Present address: Department of Computer Science, The University of British
Columbia, 6356 Agricultural Road , Vancouver, British Columbia , Canada
V6TIZ2.

compromis entre la vitesse et la precision. Fillalement.
plusieurs questions sans reponse sont presentees, sujettes a
des recherches uiterieures.
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1. Introduction
The layout and style of menus is an important and oftendiscussed aspect of user interface design. A number of
studies have investigated the relative ease of using pie-shaped
(circular) menus in contrast to more traditionallillear menus.
An illformal analysis of data reported in one of those studies
[3) suggests that the direction of motion might effect the
speed at which menu item selection is performed when pieshaped menus are employed. A prelirnirlary study to explore
that hypothesis was conducted in our laboratory using Fitts's
Law as a theoretical model of user performance. It illdicated
that there might be an angular component to Fitts's Law as it
relates target acquisition time to target size and to target
location for the menu item selection task using pie-shaped
menus. This hypothesis led to a formal experiment to test the
possibility that there is a relationship between the direction of
motion (angle) and the time required to move the mouse
tracker to a target and th-at this relationship depends on the
handedness of the user.
The formal experiment measured the time required for subjects to perform a target acquisition task similar to item selection ill a pie-shaped menu. Targets varied in size. ill distance
from the initial mouse tracker position at the center of the
menu. and in angular placement around the center of the
menu. Both right handed and left handed subjects were
tested. Each subject was tested ill two sessions. one using the
dominant hand, the other using the non-dominant hand. A
high correlation was found between the empirical data and the
predicted behavior according to the standard formulation of
Fitts's Law that involves only target size and distance. There
was no significant effect for left handed subjects. but there
was for right handed subjects who showed an effect of angle
that varied according to hand use.

Graphics Interface '91

217

This paper reports on the results of the experiment and comments on possible guidelines for the design of menu systems
involving speed-accuracy tradeoffs that are suggested by the
results of the experiment. Section 2 describes Fitts's Law and
reviews previous work related to our research. Section 3 provides an overview of the experiment and the methodology
employed. Section 4 discusses the analysis of the data and
the results obtained. Section 5 provides concluding remarks
and suggestions for future work. The importance of having a
flexible system for conducting this type of research, both for
formal experiments and informal prototypes, is discussed in
the context of the current work. References to more complete
descriptions of the experiment system are provided at the end
of Section 5.

where T is the motor time, Ko and Kl are constants, D is the
distance that must be moved, S is the size of the target (in this
case the size of a menu item), and the additive term 0.5 within
the logarithm is a correction proposed by Welford [10] that is
used in many studies. If the constant Ko is extended to subsume the constants T1 , Th and T"., with the remaining logarithmic term being Tp , this equation incorporates all of the
terms from the Keystroke-Level Model. This is the form of
Fitts's Law used in the remainder of the discussion.
Callahan et al. [3] performed a study comparing the selection
times for items in pie-shaped menus with those in linear
menus. A pie-shaped menu is one in which items are
arranged along the circumference of a circle (Figure 1).

2. Fitts's Law and Previous Work
The Keystroke-Level Model of Card, Moran and Newell [5]
is a low-level description of a single task, such as menu item
selection, that decomposes the task into the discrete operations performed by an expert user while completing the task.
The time to complete the task is expressed as the sum of a
number of terms related to the operations or subtasks
involved, according to the following formula.

T

=Tl+Tp+Th+T,.

The various terms are as follows for the task of selecting an
item from a menu using a mouse.
T

time required to complete the menu item selection task
time required for the button pushes (keystrokes) that
initiate or terminate a menu item selection
time required to position the mouse at the desired
menu item by hand movement

Th

time required to home onto the mouse with the hands
prior to positioning

T,.

time required to mentally prepare for the actions

The Keystroke-Level Model has been well studied and its
appropriateness validated for a number of tasks related to user
interfaces, including tasks such as menu item selection [5].
Another low-level description, the Model Human Processor
dermed by Card [4], breaks human performance into perceptual, cognitive and motor components, each operating at
empirically determined fundamental human limits. Using this
model, an equation for the positioning time required for menu
item selection (Tp) can be derived that has a motor component
known as Fitts's Law [7], which is based on a theoretical formulation of the information processing capacity of the human
motor system . Fitts's Law predicts that increasing the distance to the target or decreasing the size of the target causes
the time necessary to acquire the target to increase.
An often used form of this is the equation

Figure 1. A pie-shaped menu. The inner circle is where the
mouse tracker resides when the menu fIrst appears. The pieshaped wedges between the inner and outer circles represent
the activation regions for the (eight) menu items.

In the experiment, as with most implementations of pieshaped menus, the center of the menu was the starting point
for the mouse tracker. Thus all items in the pie-shaped menu
were equidistant from the starting point. This contrasts with
typical linear menus in which items are arranged in a vertical
or horizontal list with the starting point for the mouse tracker
being near the topmost or leftrnost item in the list (Figure 2).

3. The Experiment
A prototype experiment was conducted based on an informal
analysis of the results presented in a conference talk describing the experiment of Callahan et al. in which pie-shaped and
linear menus were compared. The prototype involved two of
the current authors as subjects, one left handed and one right
handed. It was implemented using a flexible environment
designed for conducting a variety of cognitive psychology
experiments. both formal and informal, with an emphasis on
experiments that defme quantitative parameters of real-time
human performance [1,6].
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Figure 2. A typical linear menu. The activation region is the
rectangular area bounded by the edges of the menu and by the
(invisible) boundaries between the menu items. The mouse
tracker initially resides at the top of the menu.

Figure 3. The experiment screen before the subject depresses
a mouse button, when only the starting position and the
mouse tracker are displayed. Each trial begins when a button
is depressed.

The results of the prototype suggested that there might be an
effect of angle for menu item selection of small targets close
to the starting position and that for some angles there was a
mirror-image (left-to-right reversal) of the rank of performance times determined by the handedness of the subject. In
the informal experiment subjects used both dominant and
non-dominant hands, but no record was kept of the hand used
in a given session, so it was not clear how to interpret the
results other than to conclude that some effect might exist.

were preceded by six familiarization trials of the same target
size and target distance.

0

The formal experiment was designed to test the hypothesis
that selection times for small targets close to the starting posi·
tion of the mouse tracker differ based on the angular position
of the item to be selected from a pie-shaped menu. The
experiment was a 2x2x2x2 factorial design in which each cell
is an element of the cross product of hand dominance, hand
use, target size and target distance.
Subjects completed a handedness inventory [9] at the beginning of the experiment session to determine the dominant
hand. Each subject participated in two sessions, one using the
dominant hand, the other using the non-dominant one. The
order of sessions was balanced among subjects of each handedness. Two target sizes (11 x11 pixels and 17x 17 pixels) and
two target distances (30 pixels and 60 pixels) from the starting position were used. Subjects performed the experiment
for all cells in the experiment matrix corresponding to their
hand dominance in accordance with a blocking scheme to
counter-balance the order in which conditions were presented.
In each experiment block, the target size and target distance
were held constant and the hand used by the subject was held
constant. Eight target positions, spaced equally around a circle starting at the far right (0°) and continuing counterclockwise in 45° increments, were used. Each angle was
repeated six times within each cell for a total of 48 trials per
cell, with the trials randomized within a cell. The 48 trials

0
0

0

•

0

0

• ••
.::;

0

Figure 4. The experiment screen with the targets revealed
after the subject has depressed a mouse button. One of the
targets is displayed in red to indicate that it is the target to be
acquired.

Each trial was initiated by the subject pressing a mouse button. While keeping the mouse button depressed, the subject
visually searched for and moved the mouse tracker to the
required target. When target size and distance were considered, a high correlation was found between the results and
the predictions of Fitts's Law. The exact sequence of events
was as follows .
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(1)

(2)

A bright green square, the start object, is displayed in
the centre of a black screen with an X representing the
mouse tracker displayed over it. The mouse tracker
can be moved, but must remain over the start object
for the trial to be valid (see Figure 3).

blackout cunain

The subject starts the trial by depressing any mouse
button while the mouse tracker is over the start object.
This causes eight potential targets to appear in each of
the eight octants equally spaced around the start
object: One of the targets is displayed as dull red, the
others are all displayed as white (see Figure 4).

(3)

The subject visually searches for the red target.

(4)

The subject moves the mouse to position the mouse
tracker over the desired target (presumably the red
one). As the mouse tracker moves off the start object
it becomes a dull green. When the mouse tracker
moves over the target it becomes a bright red.

(5)

When the target is bright red, the subject releases the
mouse button and the trial terminates. All targets are
immediately removed from the display and the start
object is then removed after about 100 milliseconds.
Releasing the mouse button before the correct target
has been acquired results in a failed trial.
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Steps 3-5 may proceed in parallel if the subject chooses to
move the mouse tracker prior to visually acquiring the
appropriate target. This in fact was observed to happen in the
experiment. The selection time for a trial is considered to be
the time from the mouse down event that begins the trial until
the mouse up event that terminates the trial. The times for all
events within each trial were logged and a record was kept of
the mouse trajectories.

Figure s. Organization of the experiment room showing the
location of the experimenter, the subject, and the major pieces
of equipment.

Figure 5 provides a schematic representation of the experimental setup showing the location of the subject in front of a
display monitor and mouse with the experimenter sitting
behind the subject using a Unix workstation and a specialpurpose psychology workstation to administer the experiment.

with their dominant hand. The hand used by subjects
(independent
of
dominance)
was
significant
F(l,8675)=337.89, p<O.OOOl with subjects performing better
with their right hands.

4. Results
There were a total of 9,216 trials over all subjects in the
experiment. Failed trials and trials in which target selection
required more than 2.5 seconds were excluded from the
analysis. There were 8,729 trials used in the analysis,
corresponding to an error rate of about 5%. Table 1 shows
the mean selection time for each of the sixteen conditions of
the experiment.
A multivariate analysis of variance (MANOV A) was performed on the data as a whole. It showed a significant difference for angle F(7,8675)=4.53, p<O.OOOl. As expected, target size had a significant effect F(I,8675)=865.58, p<O.OOOI
with large targets selected faster than small targets. Distance
had a significant effect F(I,8675)=944.77, p<O.OOOI with
near targets selected faster than far targets. The
dominant/non-dominant hand of the subject had a significant
effect F(l,8675)=30.37, p<O.OOOI with subjects being faster

experimenter

The remainder of the analysis examined the experimental
conditions individually to determine if performance differences due to angle actually occurred. A MANOV A for all
dominant left handed subjects revealed no significant effect of
angle for any of the experimental conditions. For this reason,
the remainder of this sections deals only with the experimental conditions for dominant right handed subjects. Table 2
shows the results of the ANOV As performed for each of the
eight cases involving dominant right handed subjects.
Four of the experimental conditions for dominant right
handed subjects showed significant effects of angle at the
~O.05 level. These conditions were
(1)

subjects using their right hands with small targets near
the starting position,

(2)

subjects using their right hands with small targets far
the starting position,

Graphics Interface '91

220

(3)

subjects using their left hands with small targets near
the starting position,

(4)

subjects using their left hands with large targets near
the starting position.

Table 3 shows the mean selection times by angle for the four
conditions in which a significant effect of angle exists at the
alpha=0.05 level. An examination of the rank ordering of
those means in Table 4 shows that for the two conditions in
which subjects use their right hands, selection of the target at
0° (straight to the right) is always fastest and selection of the
target at 270 0 (straight down) is always slowesb.

p

o

I. 2 7 5

1. 200

n

1. t 2 5

1. 050

T

In the conditions where subjects use their left hand, selection
of the target at 1800 (straight to the left) is always fastest followed by the target at 135 0 (diagonally up and to the left).
The target at 270 0 is slowest for the condition with large targets, and only a few thousandths of a second from being
slowest for the condition with small targets.
A Tukey analysis [8, pp. 352-353] was perfonned to determine which means in the ANOY A were statistically significant. The analysis indicates that there is a statistically significant difference in selection times only between the fastest
angle and the slowest angle in each condition. The only
exception is the left near case, where there is also a significant difference between the fastest angle and the second
slowest angle.
A regression analysis shows a very strong correlation between
the experimental data and the prediction of Fitts's Law. The
equation of the regression line shown in Figure 6 is

T = 1.32+0.43 log2 (DIS+O.5) .
The equation has a standard error of 0.03 and accounts for
97% of the variance of the means for each target distance and
target size combination. The value of 0.43 observed in this
study for the constant Kl is approximately four times greater
than the value found by other researchers. The value of 1.32
for Ko is well within the range established by other researchers.

5. Conclusions
The experiment supports the hypothesis that there is a performance difference based on angle for small targets close to the
starting point of the mouse tracker, and that this perfonnance
difference is statistically significant only for the fastest and
slowest selection times in each condition. For right handed
subjects using their right hands, movement to the right is
always fastest. Movement straight down is always slowest.
For right handed subjects using their left hands, movement to
the left is always fastest. Movement straight down is again
always slowest. The lack of any statistical significance due to
angle for the dominant left handed subjects is puzzling. It is
perhaps explained by an aspect of the subject population that
was revealed by the questionaire.
Twenty-four subjects participated in the experiment., all with
some previous experience (at least 20-40 hours) using a
mouse. According to a modified version of the Edinburgh

1

0 97 5

m
1. 0 5 0

1. 12 5

1. 200

1. 27 5

Flt t S Index

Figure 6. Selection time as a function of the Fitts's Law
prediction illustrating the close agreement with the empirical
results obtained in the experiment.

Inventory [9], eight of these were left handed, the remaining
sixteen being right handed. A question added to the inventory
asked subjects which hand was nonnally used to control the
mouse. All of the right handed subjects and all but one of the
left handed subjects reported using the right hand. This is
believed to be the result of all subjects having received their
mouse experience in a first-year computer science laboratory
in which the mice are pennanently attached to the right side
of the Macintosh workstations to prevent theft. The
anomalous left handed subject owned a personal Macintosh
for which the mouse was configured on the left. This unusual
pattern of mouse usage probably explains the behaviour of
our left handed subjects. Future experiments using a less restricted subject pool are planned in the expectation that they
will help us to understand this anomaly.
The data is consistent with a stronger hypothesis, which
should be tested in a subsequent experiment., that subjects are
faster with their preferred hand. One explanation for this is
that users learn strategies with their preferred hand, of which
the directional preferences measured in our experiment for
right handers are an example. The left handed subjects in our
study (with one exception) have not had a chance to learn
these strategies, so they do not show the effect. If this
stronger hypothesis is supported by experimental evidence,
then one recommendation that follows is that it is very important to give left handed users encouragement for using their
left hand. Otherwise they will always be at a disadvantage
because they are not able to acquire these strategies as well
with their non-preferred hand.
The experimental results suggest that target size may play a
more important role in pie-shaped menus than distance to the
target. Three out of four of the experimental conditions using
small targets show a significant effect of angle at the p~0.05
level with a fourth condition significant at the p~0 .062 level.
Only a single condition for large targets showed a significant
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effect at the pSO.05 level.
Although further experiments are required to determine the
importance of these effects in real applications, this experiment does suggest that angular effects do exist for the short
distances and small targets characteristic of pie-shaped menus
and that the angular effects play a role in the effectiveness of
menu layout. The differences in selection times are not large
(well less than a factor of two) and thus are not likely to have
a major influence on the time required to complete an application because the total time spent making menu item selections
even in interaction-intensive applications is still a relatively
small percentage of the total effort. But the correlation of
response time with error rate indicates that errors, which are
very costly, can be reduced by proper use of our results.
The implications for menu layout are speculative at this point,
but the experiment suggests that there are definite differences
in performance between menu items placed at different angular positions and that these differences may change with the
handedness of the user. One result of this could be a speedaccuracy tradeoff that would dictate the placement of
"dangerous" menu items in positions known to have long
selection times (the bottom-most position) because they provide the best opportunity for a user to intercept a possibly
erroneous selection. Similarly, "safe" menu items should be
placed on the right side of the menu, at least for right handed
users, with the reverse possibly the case for left handed users.

The formal experiment and the informal prototype that led to
the formulation of the hypothesis tested in the formal experiment were both conducted using hardware and software
developed in the Computer Graphics Laboratory at the
University of Waterloo. Details of the system and examples
of its use are reported in a number of earlier papers [1,6,11].
The environment provided by the system is specially tailored
to permit fast exploration of working hypotheses, such as
occurred in the prototype study, while still maintaining the
strict real-time performance required in formal experiments
involving user interaction techniques where event timing and
trajectory logging can be important.
A more detailed discussion of the work reported here is given
in the master's thesis of the first author, which is available as
a technical report [2].
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Appendix - Tables
left hand
small target
large target

dominant hand

right hand
sTTUZiI target
large target

left

near
far

1.141
1.356

0.968
1.161

1.138
1.312

1.041
1.120

right

near
far

1.210
1.397

1.050
1.195

1.056
1.207

0.900
1.053

Table 1. Mean selection times (seconds) for each experiment condition.

Source

df

Sum of Squares

Mean Square

F-ratio

Prob

Angle
Error
Total

7
710
717

1.718
55.316
57.034

0.245
0.078

3.15

0.0028 •

Angle
Error
Total

0.724
35 .241
35.965

0.103
0.049

0.0407 •

Angle
Error
Total

1.211
61.503
62.715

0.173
0.090

1.93

0.0619

small

7
718
725
7
687
694

2.11

large

Angle
Error
Total

7
722
729

0.838
50.359
51.197

0.120
0.070

1.72

0.1018

large

Angle
Error
Total

7
697
704

0.651
31.910
32.561

0.093
0.046

2.03

0.0489 •

small

Angle
Error
Total

7
715
722

0.220
21.625
21.845

0.031
0.030

1.04

0.4021

large

Angle
Error
Total

7
712
719

0.872
41.431
42.303

0.125
0.058

2.14

0.0376 •

small

Angle
Error
Total

7
739
746

0.391
32.296
32.688

0.056
0.044

1.28

0.2576

small
left near

left far

right near

right far
large

Table 2. Analysis of variance for all dominant right handed
conditions. Asterisks in the final column denote the four conditions
in which statistically significant effects exist.
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0
45
90
135
180
225
270
315

left near small

left near large

right near small

right far small

1.229
1.280
1.188
1.156
1.138
1.181
1.271
1.234

1.044
1.074
1.060
1.017
0.984
1.063
1.082
1.076

0.990
1.053
1.073
1.047
1.052
1.063
1.108
1.059

1.157
1.170
1.226
1.245
1.226
1.166
1.252
1.212

Table 3. Means of selection time by angle.

1
2
3
4
5
6
7
8

left near small

left near large

right near small

right far small

180
135
225

180
135
0
90
225
45
315
270

0
135
180
45
315
225
90
270

0
225
45
315
180
90
135
270

90

0
315
270
45

Table 4. Rank ordering of angles by mean selection times.
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