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ABSTRACT

In steering law tasks, deviating from the path is immedi-
ately considered an error operation. However, in navigating
a hierarchical menu item, which is a representative applica-
tion of the law, a deviation within a short duration is some-
times permitted. We tested the validity of the steering law
model with various durations of such error-accepting delays
and found that it showed high fits for each delay condition
(R? > 0.96) but poor fits if the delay values were not sep-
arated (R* = 0.58). Because the average movement speed
linearly increased as the delay increased, we refined the
model by taking the delay into account, and the fitness was
significantly improved (R? = 0.97). Our model will help GUI
designers estimate the average operational time on the basis
of the menu item length, width, and error-accepting delay.
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1 INTRODUCTION

Evaluating the applicability of an existing human perfor-
mance model in a specific task is an important topic in HCI,
in addition to deriving the model. One example is testing the
validity of Fitts’ law [19] in various conditions (e.g., [10, 50]).
Such an applicability evaluation is also important for the
model that we investigate: the steering law [1, 17, 35], which
predicts the movement time MT to navigate a constrained
path.

The steering law has many applications such as car driv-
ing [18, 35, 49], using a sewing machine [32], and cutting a
piece of paper with scissors [22, 46]. A critical application in
terms of HCI is navigation in hierarchical menus [1, 5, 16].
Therefore, researchers have endeavored to more accurately
model user behaviors when navigating menus and select-
ing items, e.g., by combining the steering and Fitts’ laws
[5, 16, 38].

In this paper, we measure user performance for steering
law tasks in which users can deviate from a path for a short
duration. In many implementations of hierarchical menus, a
set of child submenus appears shortly after the cursor hovers
over the related parent item. Hence, users do not always
have to keep the cursor inside the boundaries of the parent
item. The duration, which we call error-accepting delay, is
typically configured by designers, e.g., using the setTimeout
(JavaScript) or delay (jQuery) functions. Intuitively, as the
error-accepting delay increases, users can move the cursor
more quickly, as they do not have to carefully steer the cur-
sor through a path. More strictly, (1) users can move so far
outside the path as long as they can return to the path within
a given duration, thus (2) providing a temporal tolerance
outside the path is equivalent to an expanded spatial toler-
ance because users can stay within the delay constraint, and
therefore (3) users can accelerate their speed as if the path
width is expanded. However, long error-accepting delays
require users to wait a long time for submenus to open after
moving the cursor onto the parent item. Thus, the design of
error-accepting delay is quite important in terms of usability.

To date, we have found no study on such a delay in steering
law tasks. Conventionally, hitting the boundaries of a path
is immediately considered an error attempt [1, 17, 35, 44, 47].
This is a natural rule for real-world tasks such as car driv-
ing [18, 35], but not necessary for menu navigations. The
only exception is a work by Pastel [34], who determined that
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the percentage of sampled cursor trajectory points outside
the path could reach up to 2%. However, in typical menu
implementations, the trigger to display submenus is the du-
ration of cursor hovering, and hence the result by Pastel does
not directly answer our question. Investigating the effects
of error-accepting delays and refining the steering law to
estimate MT under a given delay will help designers deter-
mine an appropriate configuration of the delay for displaying
menus; this motivated us to conduct this work. Our key con-
tributions include:

e We conducted an experiment in mouse-steering tasks with
error-accepting delays. To our knowledge, the effects of
this condition (i.e., users could deviate from the path for a
given duration) have never before been empirically tested.

e We showed that the conventional steering law showed
very high fits (R? > 0.96) for each delay condition tested
in our study (0 to 800 msec). This result provides evidence
that the steering law is empirically valid even when the
deviation from the path is permitted for a fixed duration.

e We derived a refined model that showed an excellent fit re-
gardless of delay values (R? = 0.97 for N = 48 data points),
while the baseline model showed a poorer fit (R? = 0.58).
Our model helps GUI designers accurately estimate the
average operational time to navigate hierarchical menus
on the basis of the menu item length, width, and error-
accepting delay.

2 RELATED WORK
Laws of Steering

Laws of steering through a restricted path have been pro-
posed by Rashevsky [35] for car driving and by Drury [17]
for pen drawing. For GUI operations, Accot and Zhai [1]
proposed the global model to steer through a given path C:

ds
c W(s)
where MT is in msec, s is the cursor position from the path
start, W(s) [mm] is the path width at s, and a and b are em-

pirically determined constants. If the path length is A [mm],
and the width is constant (W), the model can be simplified:

MT = a+ b(A/W) (2)

MT =a+b (1)

Various studies have demonstrated that the model shows
good fits to various input devices [2, 37], small and large
scales [3], preferred and non-preferred hands [22], various
tracking directions [41, 56], various temporal constraints
[54], and different priority on speed or accuracy [55].

Although the intercept a is usually close to zero but sig-
nificant [23], a proportional version of this model is also
theoretically valid [17, 30]:

MT = b(A/W) 3)
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Accot and Zhai proposed another form called the local
law, which shows that the instantaneous speed v [mm/msec]
is linearly related to the path width:

v=W(@s)/t 4)

where 7 [msec] is an empirical constant. Although the speed
in a path gradually increases while a straight path has a
constant width [38, 47, 48], this simple relationship between
v and W has also been supported by other researchers [17,
30, 35]. Given that the v is stable in a constant-width path
[17, 30], the time to pass through an entire path is

A A A
MT=b—=b—=b'— (letb’ =b/7) (5)
w TV v
This model was also confirmed by Drury in the following
form [23]:

MT = b(A/V) (6)
where V [mm/msec] is the average movement speed through-
out the path:

V =A/MT (7)

This model assumes that the instantaneous speed v is stable,
which means that the average speed V can be replaced by v.
Thus, the following form is also valid [23]:

V=5V (8)
Also, the intercept is usually small but significant [23]:
V=a+bW 9)

In summary, in a constant-width straight path, although
there are some variations, such as whether to use an intercept
or whether to predict MT, V, or v on the left side of an
equation, we have a consensus that the movement speed (V
or v) linearly increases as the path width W increases, and
thus the time required to navigate the path (MT) linearly
decreases. It is suitable for our purpose here to use models
that predict MT for estimating an average operational time.

Modifications of Laws of Steering

Models on path shapes other than constant-width linear
paths have been also evaluated, including those on circu-
lar paths [2, 3, 23], curved paths [33], linearly narrowing
paths [1], widening spiral paths [1], paths with a corner [34],
successive path segments [47, 48], and those that calculate
the MT difference between narrowing and widening paths
[44, 45]. Because submovement distances change depending
on path shape [31], we are also interested in investigating
the effects of error-accepting delays in different path shapes.
In this paper, however, we investigate only constant-width
linear path segments as a first step to evaluate whether the
delay affects user performance in steering motions.

When testing model fitness, Kulikov et al. proposed adjust-
ing the W value on the basis of the observed stroke variability,
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called the effective width method [26]. This method, however,
is not suitable for designers who want to know the average
operation time under a given task [43, 51]. Hence, we test
model fitness with the data of error-free trials.

Facilitating Menu Navigations

There are alternative techniques that enable users to easily
navigate hierarchical menus. For example, setting a spatially
wider area for a menu item directly eases navigation difficulty
[15, 39, 40]. With regard to the steering law, this technique
expands an item tolerance W so that users move the cursor
less attentively. Another approach is shortening the distance
A of the steering law. Kobayashi and Igarashi used gestures
for menu navigation, where moving the cursor a short dis-
tance to the right opens submenus [25]. In Jumping Menu [6],
when a parent menu item is clicked, the cursor jumps to the
related child submenus to eliminate any steering operations.

Blocking the cursor from deviating an item tolerance is
also effective for menu navigation. Using virtual gravity (or
force-fields [5]) and a physical force [16] pulls the cursor to
the path center. This is a kind of error-accepting technique
in motor space, similar to expanding the path tolerance.

Using the marking menu [28] and its related methods (e.g.,
[8, 52, 53]) or using pie menus [12] helps users select an item
without precise cursor positioning. See Bailly et al’s recent
survey [9] for a thorough review on visual menu selection
techniques. To the best of our knowledge, no work has been
conducted to evaluate the effects of temporal support for hi-
erarchical menu navigation, although such a delay is widely
used in many applications.

Effects of Delay on GUI Operations

Our concern with adding a delay to display submenus is
that users have to wait to view the submenu items, which
could have a negative effect on their subjective feelings. In
addition, if a system has a latency or lag when reacting
to a user’s action, it directly increases the task completion
time. In mouse-pointing tasks, Hoffmann [21] and MacKenzie
and Ware [29] proposed models modified from Fitts’ law
to capture the negative effect of lag. Similarly, Friston et
al. [20] conducted a steering law task with transmission
latency. Note that their system lag is added to every loop
from mouse movements to cursor positioning, while under
our condition, the lag (error-accepting delay) is added only
to the final phase of the parent menu item selection to expose
the related submenus. While our focus is not on finding the
optimal error-accepting delay, our proposed model will be
helpful to accurately predict the user performance in terms
of MT.
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3 EXPERIMENT
Participants

Twelve participants were recruited from a local university
(two females and ten males, M = 22.6 and SD = 1.89 years).
All had normal or corrected-to-normal vision, were right-
handed, and were familiar with mouse operations; six of them
were daily mouse users. Each participant received 3,000 JPY
(~27 US$) for their time.

Apparatus

The PC we used was a Sony Vaio Z (Core i7-5557U, 3.10
GHz, 4 cores; 16-GB RAM; Windows 10). The display was
manufactured by Dell (model 2407WFPb; 24 inches diago-
nal, 1920 X 1200 pixel resolution, 518.4 X 324.0 mm display
area, 3.70 pixels/mm; 16-ms response time; connected by
an HDMI-to-DVI cable) and its refresh rate was set at 60
Hz. The input device was an iBuffalo optical mouse (model
BSMBUO5, Blue LED, 81.6 g, 1000 dpi; 1.5-m USB 2.0 cable).
As the steering law has shown excellent fits for mouse op-
erations [2, 26, 27, 37, 38, 41, 42], we assumed a mouse was
appropriate to observe the effects of error-accepting delay in
steering law tasks. The cursor speed was set to the default,
and pointer acceleration, or the Enhance pointer precision
setting in Windows 10, was enabled to allow the participants
to perform mouse operations with higher ecological validity
[14]. Using the pointer acceleration does not violate the steer-
ing law [2], and it is consistent with consumer OS settings
such as Windows and macOS. We used a large mousepad
(43 cm X 29 cm). The experimental system was implemented
with Hot Soup Processor 3.4 and used in full-screen mode.
The system reads and processes input at approximately 1,000
times per second.

Latency was measured with a Casio EXILIM EX-ZR4000WE
camera at 1,000 FPS. The mouse was hit with a hard object
at high speeds, and the number of frames from when the
mouse stopped to when the cursor stopped was counted.
We repeated this action 30 times, and the average latency
was 57.9 msec (SD = 11.2). This is in the range of typical
mouse-display latencies of approximately 55 to 82 msec [13].
Therefore, we assume that the latency of our experimental
system would not have a significant negative effect on user
performance.

Task

The task was to click on the blue start area, pass through
the white path, and then click on the green end area, as
shown in Figure la. Between the two clicks, if the cursor
entered the gray out-of-path areas and the time was over the
error-accepting delay Tyjeq1y, a beep sounded and the cursor
position was marked as a cross (“x”) to flag a steering error
operation ERs;ee,. If the cursor returned to the path within
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Figure 1: (a) Parameter definitions in the experiment. (b) Ex-
ercise system.

a given Tgelay, ERsteer Was not marked. Note: the deviation
duration was not summed in a trial; the Ty;qy Was given to
each deviation. For example, in Figure 1a, the first deviation
was equal to or less than the given Ty,4y, but the second
was over the Ty.jqy and thus marked as an ERg;eer-
Participants were asked to complete the task without
restarting even if an ERgy.., occurred or when they clicked
outside the start and end areas (ER.j;ck). Although a click
was needed after steering through the path, the green end
area was sufficiently long along the movement direction (x-
axis), and thus the motion in the white path was a steering
rather than a combination of steering with pointing [38].
Participants were instructed to minimize the time between
the two clicks and to not make any ERg;¢er Or ER,j;ck errors.
Although our instructions were designed to motivate partic-
ipants during the entire trial, the data to be analyzed were
only those between the start and end lines, as in conven-
tional steering law studies; i.e., the time after crossing the
start line to crossing the end line (judged on the basis of the
cursor’s x-position) was measured as MT. After each trial, a
large circular button labeled “Next” appeared at a random
position and participants clicked it to reveal the next path
condition. Movement direction was always to the right.

Design

The experiment was a 6 X 2 X 4 within-subjects design with
the following independent variables and levels. Three in-
dependent variables were included: error-accepting delay
Tdelay, path length A, and path width W. Ty,;qy had six val-
ues (0, 100, 200, 400, 600, and 800 msec). Under the Tdelay =0
msec condition, deviating from the path immediately caused
an ERg;cer, and this was the baseline condition, as in conven-
tional steering law tasks. The other values were selected on
the basis of human reaction time. Because the time to correct
hand movements based on visual feedback is longer than
200 msec [36] (approximately 260 [24] or 290 msec [30]), we
assumed that participants could return the cursor to the path
in ~300 msec (including system latency) after noticing any
deviation from the path. Therefore, we set Ty;4y values rang-
ing from less than to sufficiently longer than human reaction
time to observe the effects of error-accepting delay. A had
two values (480 and 640 pixels; 130 and 173 mm, respectively)
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and W had four values (15, 23, 33, and 45 pixels; 4.05, 6.21,
8.91, and 12.2 mm) so that the A/W values (10.7-42.7) were
beyond 10, which requires continuous visually controlled
steering movements [37, 38, 42].

We measured five dependent variables: ER;¢., rate, tem-
poral ratio of deviation from the path (Ratio,,;), average
count of deviations from the path per trial (Count,,,;), MT,
and V. The ER_j;.x rate was not included as a dependent
variable because our main focus was on analyzing steering
operations.

Procedure

One block consisted of a random order of 2A X 4W X 7 repeti-
tions = 56 trials with a fixed Tg;qy value. The first repetition
was considered practice. Before each block, the participants
used an exercise system (described below) to learn an error-
accepting delay of the next block, except for the Tyejqy = 0
msec condition. The order of the six Tyeqy values was bal-
anced among the 12 participants. In total, we recorded 2A X
4W X 6 repetitions X 6T 14y X 12 participants = 3,456 data
points. This task took about 30 min per participant.

Exercise to Learn a Given Error-accepting Delay

As shown in Figure 1b, participants moved the cursor into the
top or bottom pink area, beginning the time measurement.
Just before the time surpassed a given Ty,qy, they returned
the cursor to the center white area. If the measured time was
over Tyelqy, the cursor position was marked as a cross and a
beep sound was played, the same as in the main experimental
system. Participants repeatedly attempted this task and were
expected to learn how to immediately return the cursor after
deviating from the path. The session finished when a partic-
ipant felt that s/he had sufficiently learned the Ty,;qy, and
the time required was typically 30 sec (~15 or 20 trials). This
exercise session enabled us to simulate a situation where a
participant was familiar with an error-accepting delay of a
certain menu. Omitting this exercise system would simulate
participants using a menu for the first time and re-learning
the error-accepting delay at every trial. Observing such a
learning effect is not part of this study.

Task Revisions based on a Pilot Study

To find issues in task parameters and our experimental sys-
tem used in the main study, three students who did not par-
ticipate in the main study joined our pilot study. Apparatus
and values of Tyejqy, A, and W were the same as in the main
study. The participants performed 8 (= 2A X 4W) trials for
each Tje1qy; 48 trials per participant. We found three issues.
(a) Participants did not know how to immediately return to
the path when deviating from it, so we developed the exer-
cise system. (b) The item currently being hovered over (the
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white path, or the top/bottom out-of-path areas) was imme-
diately highlighted to provide visual feedback, as in typical
menu implementations. However, when the cursor moved
around the boundaries of the path, the colors of the path
and out-of-path areas rapidly switched. This interrupted the
operation, therefore, the color changing was not used in the
main study. (c) We used an infinite height of start/end ar-
eas on the y-axis, as in [26, 47], and we did not require any
mouse clicks in the start and end areas. However, the partici-
pants found that, even when the Ty, Was short, they could
complete a trial without any precise mouse control simply
by moving the cursor from left to right on the screen. This
was not appropriate for the purpose of this study (namely, to
observe the Ty, qy effects in menu navigation and selection),
so we limited the heights and required clicks there.

4 RESULTS

We analyzed the data via repeated-measures ANOVA. If a
main effect was found, we performed pair-wise comparisons
with Bonferroni correction as the p-value adjustment method.
Note: if a significant main effect of Tye;4y is found, it is possi-
ble that no significant differences are found for any pair-wise
tests of Tyejqy values. In Figure 2b and d, “n.s” represents
the results of pair-wise tests.

Error Rate

We observed 92 ERg;..r trials and 150 ER;;. trials, whose
error types were inclusive. The remaining number of valid
(error-free) trials was 3,227 (93.4%). We analyze the ERs;eer
as the main error result. The overall mean ER;;.., rate was
2.66%, and a longer Tyeiqy tended to decrease the ERg eer
rate from 6.60% to 0% (Figure 2a). We found significant main
effects of Tge1ay (F5,55 = 8.748, p < 0.001) and W (F3 33 =
21.491, p < 0.001) on ERg;eer rate, but not for A (Fi,11 =
0.446, p = 0.518). A significant interaction was found for
Taetay X W (Fis 165 = 2.582, p < 0.01).

Ratio of Deviation from the Path (Ratiog,)

We define Ratio,y,; as [(Out of path time)/MT] X 100%. We
wanted to determine if a longer error-accepting delay causes
users to move the cursor less precisely. Assuming that the
system clock is constant, Ratio,,; is equivalent to Out of
path movement (OPM), which is the percentage of sampled
cursor points outside the path [26].

The overall mean Ratio,,; was 2.21%, and a longer Tyeqy
increased the Ratio,,; from 0.16% to 4.82% (Figure 2b). We
found significant main effects of Tyejqy (Fs 55 = 4.585, p <
0.01) and W (Fs 33 = 28.893, p < 0.001) on Ratio,y;, but not
for A (Fy,11 = 2.107, p = 0.175). A significant interaction was
found for Tgeray X W (Fi5,165 = 3.431, p < 0.001).
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Figure 2: Main effects of Tj;,, on (a) ERsteer, (b) Ratiogy:, (c)
Countgyy, and (d) MT. Error bars show 95% Cls.

Average Count of Deviation from the Path (Countgy)

We measured how often the cursor left the path per success-
ful trial as Count,,,;. Figure 2¢c shows that Count,,,; increased
from 0to 0.121 as Tye4y increased, which means that a longer
Taelay helped the participants overshoot then return to the
path more effectively. The overall mean Count,,,; was 0.0482.
We found significant main effects of Tgejqy (Fs55 = 5.996,
p < 0.001) and W (F5 33 = 29.000, p < 0.001) on County,,
but not for A (F;,11 = 2.467, p = 0.145). Significant interac-
tions were found for Tyejqy X W (Fis,165 = 3.689, p < 0.001)
and AXW (F3’33 = 4.267, p< 005)

Movement Time (MT)

Figure 2d shows the effect of Ty¢;4,, on MT. The overall mean
MT was 528 msec, which is reasonable compared with that
of a related study [2] (mean MT was 768 msec for a linear
mouse steering task). MTs for Tyesqy = 0-800 msec were 783,
638, 607, 392, 364, and 384 msec, respectively. Taeiay reduced
MT 53% at most, but any pair-wise tests on Tgerqy showed
no significant difference (p > 0.05). We found significant
main effects of Tye1qy (F5,55 = 8.050, p < 0.001), A (Fy,11 =
38.131, p < 0.001), and W (F3 33 = 14.852, p < 0.001) on MT.
Significant interactions were found for Tyejay X A (F555 =
10.739, p < 0.001), Tgeray X W (Fis 165 = 5.446, p < 0.001),
and Tdelay XAXW (F15,165 =2.679,p < 0.01).

Average Movement Speed (V)

The overall mean V was 0.686 mm/msec. We found sig-
nificant main effects of Tyejay (F5,55 = 6.946, p < 0.001)
and W (Fs33 = 25.653, p < 0.001) on V, but not for A
(F,11 = 0.133, p = 0.722). No significant interaction was
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found (p > 0.05). The interaction for Tge;qy X W was not
significant (Fys 165 = 0.805, p = 0.671); this demonstrated the
independence of Tgejqy from W. Vs for Tye1qy = 0-800 msec
were 0.466, 0.614, 0.547, 0.806, 0.823, and 0.861 mm/msec,
respectively. So V increased 85% at most, but any pair-wise
tests on Tye1qy sShowed no significant difference (p > 0.05).
In summary, the results of Ratio,,; and Count,,; show
that participants move the cursor less attentively as Tyejay
increased, but the ER;¢., rate decreased due to the long
Tdelay- This resulted in a shorter MT and thus a higher V.

5 DISCUSSION
Model Fitting and Refinement

We test the fitness of the baseline model (Equation 2, MT =
a+ b(A/W)). Separating the Tge;qy values, each regression
line with eight data points (2A x 4W) shows high fits (R? >
0.96, Figure 3). The average movement times for a given
Tdelay can be accurately predicted, which benefits design-
ers. However, if the Ty.14, values are merged, the fitness is
strongly degraded (R? = 0.58, Figure 4a). Therefore, design-
ers have to conduct a user study to estimate the MT every
time they change the Ty,1qy value.

To integrate the error-accepting delay in the MT model
(Equation 2), we first check the effects of the task parameters
on the average movement speed V. Again, we found (a) main
effects of Tye1qy and W, and (b) no significant interaction. In
particular, because the interaction factor of Tyeqy X W was
not significant, V would be accurately estimated without
using interaction factors. Finally, we found that the inclusion
of the additive factor Tgeqy significantly improved the fitness
of the V — W relationship (Equation 8, V = bW):

adj. R* = 0.882 (10)
adj. R* = 0.986 (11)

V = 0.0820W,
V = 0.0597W + 0.000574T 414y

where V = A/MT. Here, we use 24 data points (4W X 6Tye1ay)
because there was no main effect of A and interactions related
to Aon V. In Equation 11, both W and Ty, ;q4, are significant
contributors (p < 107'%). Thus, we empirically obtain the
following form, where ¢ and d are constants:

V = cW + dTuelay (12)

Applying this result to Equation 6 (MT = b(A/V)), we obtain:

A
cW + deelay

A
=h— 1 " =d
bC(W + d,Tdelay) ( etd /C)

A
P — 1 ! = 1
b W+d/Tdelay (et b= b/c) (13)

MT =b
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Figure 3: Steering law fitness for each Ty,
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Figure 4: Steering law fitness for (a) baseline and (b) refined
models for all data points (N = 43).

Table 1: Model fitting results with adjusted R? (higher
is better) and AIC (lower is better) values for candidate
models. a, b, and ¢ are estimated constants with 95%
CIs [lower, upper].

Eq. Model a b c adj. R2 AIC
313 21.8
2 A . 4
W [-107,169]  [16.3,27.4] 0577 647
A —-81.7 37.2 0.00839
4 — 0.966 528
W + cTyeray | [-123,-40.1] [35.1,39.3] [0.0266, 0.0356] 66 5

As suggested by Hoffmann [23], we check this model with

an intercept in the following final form:
MT =a+ bL (14)

W+ CTdelay

Table 1 lists the regression expressions for the baseline model
and the refined model considering the delay. Model fitness
is improved for both the adjusted R? and AIC values. Fig-
ure 4b also illustrates the improvement. The only difference
between the refined model (Equation 14) and the baseline
model (Equation 2) is that the cTge;4y term acts to expand
the path width. For example, when Ty,4y is 200 msec, the
width is essentially expanded by ~1.68 mm (= 0.00839 X 200).
We checked if such an expansion helped steering opera-
tions. Because the result of Count,,; was less than 1 on av-
erage (Figure 2c), participants typically left only one side of
the path. Thus, the path expansion was essentially cTgeay/2,
resulting in 0, 0.420, 0.840, 1.68, 2.52, and 3.36 mm for Tdelay
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= 0 to 800 msec, respectively. The average values of maxi-
mum cursor offset from the path in successful trials were 0,
0.439, 1.789, 3.51, 2.94, and 3.85 mm, respectively. The R? for
these values was 0.83, which shows that cTg4e1,, reasonably
represents the path expansion.

Even if we use the data with Ratio,,; = 0, the adjusted
R? of our model is 0.957. This shows that our model can be
robustly used even if users do not deviate from the path. In
contrast, the R? using only the data with Ratio,,; > 0 cannot
be calculated because no deviations from the path occurred
in some conditions with large W.

Contribution to HCI and Implication for GUI

Conventionally, the steering law has been used to model
menu navigation tasks, but the model itself does not permit
deviating from a path. In contrast, in our study, the partici-
pants were permitted to deviate from the path as long as the
deviation duration was within the given Ty.;qy. Although
the task requirement was significantly different from the
conventional condition, the baseline model of the steering
law (Equation 2) showed excellent fits for each given Ty,jqy
(Figure 3). This is the first evidence to show that the steering
law is valid for a condition where users can deviate from
the path for a given time. This expands the generality of the
steering law for menu navigation in a more realistic imple-
mentation where the cursor can deviate from an intended
menu item within a short duration. This result demonstrates
that, if designers use a fixed error-accepting delay on a Web
page or software application, using the conventional steering
law is sufficient to accurately predict the MT on the menu.

The fitness improvement achieved by the refined model
(Equation 14) can help designers accurately estimate MT for
other Ty.1qy values that have yet to be tested. For example,
after conducting a user study involving two values of Tge;qy
(e.g., 0 and 800 msec) with a set of A and W values, we obtain
the constants (a, b, and c), and then we can predict MT values
for other Tye14y values such as 200 and 600 msec. To confirm
this application, we regressed the MT data for Tyesqy = 0 and
800 msec (N = 16 data points), which showed a = —63.4,
b = 37.1, and ¢ = 0.00669 with adjusted R? = 0.990. Using
these constants, we predicted the MT's for Tye1qy = 100, 200,
400, and 600 msec (N = 32 data points). Figure 5 shows
the observed versus predicted MT's; R? = 0.954 with slope =
0.978 (both are close to 1), which indicates the high prediction
accuracy of our model.

Limitations and Future Work

Our results are somewhat limited due to the experimental
conditions, such as testing only two values for A. Although
a study with 12 participants is common in CHI [11], further
studies with more users in various user pools (e.g., older
adults) will strengthen the generality of our model. We used
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Figure 5: Observed vs. predicted MTs for Tjj4, = 100, 200,
400 and 600 msec by using MTs for Ty.;4, = 0 and 800 msec.

a mouse in this study, but different input devices would
result in different user reaction times, so testing the model’s
validity with other devices such as styli will provide a further
contribution. The range of Tgejqy (0 to 800 msec) is also a
limitation. If Tge1qy is much longer (e.g., 3 sec), users would
not have to focus on the path boundaries any more, and thus
the task requirement would only be to point and click the end
area after clicking on the start area. This condition is called a
pointing with directional constraint task tested in the study of
the crossing paradigm [4, 7], in which Fitts’ law was shown
to be an appropriate model for this. Hence, our proposed
model, which is based on the steering law, is not suitable for
such a task. Our future work will include clarifying the valid
Tgeiay range of our proposed model.

Our proposed model is derived on the empirical result that
V linearly increases as Tgejqy increases. However, as men-
tioned above, we assume that this model is valid in a limited
range of Tyejqy. If we had tested a wider range of Ty,qy val-
ues, other relationships such as a logarithmic function might
be better. From this viewpoint, in addition to our empiri-
cal derivation, a more theoretical development/justification
of the model will provide a further contribution to a better
understanding of human motor behavior.

6 CONCLUSION

We studied human performance in steering tasks with error-
accepting delay. Although the steering law has convention-
ally considered a deviation from the path as an error, we
regarded it as a success as long as the duration was within
a given time (Tye1qy), as in typical hierarchical menu imple-
mentations. The conventional steering law showed excellent
fits (R? > 0.96) for all Tgeiay conditions ranging from 0 to
800 msec, but the fit was poor if the Tge;q, values were not
separated (R? = 0.58). On the basis of the result that the
movement speed linearly increased as the Ty,14, increased,
we showed that our model could accurately estimate the
steering time (R?> = 0.97). This refined model will help GUI
designers estimate average user performance under a given
delay. We hope this work expands the tolerance of the steer-
ing law by showing the wider applicability of the law in
more realistic GUI conditions.
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