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ABSTRACT 

The steering law models human motor performance and has 

been verified to hold for a single linear and/or circular path. 

Some extensions investigated steering around corners. Yet, 

little is known about human performance in navigating 

joined linear paths, i.e., successions of path segments with 

different widths. Such operations appear in graphical user 

interface tasks, including lasso operations in illustration 

software. In this work, we conducted several experiments 

involving joined paths. The results show that users 

significantly changed their behavior, and that this strategy 

change can be predicted beforehand. A simple model 

summing the two indexes of difficulty (IDs) for each path 

predicts movement time well, but more sophisticated 

models were also evaluated. The best model in terms of 

both of R2 and AIC values includes the ID of the crossing 

operation to enter the second path. 
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INTRODUCTION 
The steering law was derived to model complicated tasks, 

such as writing a character, drawing a line, and navigating a 

path [1]. As one of the more robust models for human 

motor performance, the steering law has been verified to 

hold with various types of computer input devices [2, 25], 

various conditions such as 3D operations [7, 18] and even 

virtual reality car driving [31].  

One goal of our work is to test the generality of the steering 

law. For example, it is interesting to see if it holds across 

different age groups [23] or to study the effects of the 

dominant hand [15]. In this paper, we investigate how well 

the steering law predicts sequences of path segments, i.e., 

joined paths. Except for a few studies, previous work 

usually conducted user experiments with a single linear 

and/or a circular tunnel. The only exploration beyond this 

focused on path segments joined at a corner. We could not 

find any study focusing on the application of the steering 

law for collinear paths with different widths. While 

navigating through paths that change width is an operation 

that occurs in graphical user interface (GUI) applications, 

no one has investigated how well the steering law predicts 

performance for such tasks.  

 

Figure 1. (a) A lasso operation (shown) as a green line. The 

part of the stroke highlighted in red traverses a tunnel with 

changing width (wide-to-narrow). (b) The steering law models 

strokes through a constant-width path. (c) Our work 

investigates steering through joined linear path segments with 

different widths, such as a wide-to-narrow path. 

A more general form of a steering task is selecting objects 

in a drawing application through a lasso operation as shown 

in Figure 1a. When a user lassoes several objects, s/he must 

perform a sequence of steering operations through paths of 

varying widths and corners. Most previous literature on the 

steering law has focused on navigation through a single 

path segment, as shown in Figure 1b. User behaviors and 

strategies for navigation through more than one path 

segment (apart from corners) have not been analyzed in 

detail. As a first step towards a more general form of the 

steering law, we conduct several experiments for steering 

tasks involving two joined linear path segments (Figure 1c). 

The contributions of our work are as follows: 

1) Based on a speed profile analysis of cursor trajectories, 

we identify that users change their movement strategies 

(a) in the presence of a path joint and (b) based on the 

width difference between two path segments. 

2) We observed high fitness values in our experiments for 

a simple model that sums the two indexes of difficulty 

(IDs) for each segment to model the movement time 

(MT) for the entire path. Yet, taking the crossing 

operation to enter the second path segment (path2) into 

account improves the model fitness in both terms of R2 

and Akaike information criterion (AIC) values. 
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3) We also show that even when the two path segments 

have different lengths, the structure of the steering law 

automatically balances the weights for each segment on 

the entire ID. 

RELATED WORK 

While we introduced a lasso operation as an example of 

various types of stroking motions, in this paper we focus 

only on steering through two joined linear path segments. In 

this section and afterwards, a, b, c, and d in equations are 

empirically determined constants. 

Steering Law Model 

Laws of steering have been proposed by Rashevsky [20, 21] 

for car driving and Drury [11] for pen drawing. For GUI 

operations, Accot and Zhai represents a relationship 

between the movement time MT required to traverse a path 

with length A and width W [1]: 

�� = � + � �� (1) 

and A/W is also known as the index of difficulty (ID). This 

relationship was first confirmed using an indirect-input pen 

tablet [1] and subsequently for other computer input devices 

[2, 25]. Changes of the motor scale [3], start position [32], 

temporal constraint (time limit) [33], and path angle [27] 

were also tested. 3D manipulations [7, 18] and car driving 

[31] follow the steering law too.  

Accot and Zhai also proposed that the average cursor speed 

v in the path linearly increases as its width increases [1]: 

	 = � + �� (2) 

where the v is A/MT. 

A circular path with radius r can be modeled by replacing A 

with 2πr in Equation 1 [2, 3]. Models for linearly-

narrowing paths [1], widening spiral paths [1], and the MT 

difference between linearly-narrowing and widening paths 

[30] have been presented. In this paper, we investigate only 

constant-width linear path segments. 

Other Models for Steering Tasks 

Modeling Steering Tasks with Pointing  

When a user selects an item in cascading menus, s/he has to 

move the cursor within the boundaries and then click the 

intended item. This is called a targeted steering motion [9, 

17, 24]. We discuss three models for such motions in detail, 

because we will later derive new models for joined paths 

from them in the discussion. 

For pointing tasks, selecting a target of size S, which lies a 

distance A away, requires a movement time MT: 

�� = � + � log
 ��� + 1� (3) 

and log2(A/S + 1) is also called the ID of Fitts’ law [12]. 

Dennerlein et al. proposed a model for targeted steering 

tasks with separated terms for the ID of the steering (IDS) 

and pointing (IDP) components [9]: 

�� = � + ���� + ���� (4) 

Their results showed good fits with R2 ≥ 0.98. Kulikov and 

Stuerzlinger proposed a simpler model which sums IDS and 

IDP directly [17]: 

�� = � + ����� + ���� (5) 

This model was created to reduce the number of parameters 

in Dennerlein’s model. Even for a model with few 

parameters, any extra free parameter naturally increases 

correlation but introduces overfitting [8, 17, 26], resulting 

in potentially inaccurate predictions of MT. 

Senanayake et al. showed that IDS and IDP affect the total 

MT differently and thus simple sum of two IDs in 

Dennerlein’s and Kulikov’s methods cannot model more 

general path/target parameters [24]. They then proposed a 

model which separates the steering and the pointing phases, 

and which weighs IDs on the entire MT. In this model, a 

user is predicted to move the cursor without hitting the 

boundaries of the path for a distance of (A – nW) at first, 

and then directly points to the final target, which lies a 

distance of (nW + S/2) away, as illustrated in Figure 2: 

�� = � + � �� − ��� � + � log
 �2��� + �/2�
� � (6) 

In their results, n = 5 was an appropriate choice, based on 

Thibbotuwawa et al. [28] results. In Thibbotuwawa et al.’s 

work, they tested various combinations of A and W values, 

and confirmed that users do not need to perform the closed-

loop steering phase when A/W is less than 5 [28]. Based on 

this observation, Equation 6 was derived, which models that 

users switch to target pointing at a distance of 5 × W from 

the end. The ID for the pointing phase in Senanayake’s 

model is based on a different formulation of Fitts’ law: 

�� = � + � log
 �2�� + �/2�� � (7) 

Senanayake et al. found that Equation 6 models targeted 

steering tasks better than Dennerlein’s and Kulikov’s work.  

 

Figure 2. Two-phase model for targeted steering motion by 

Senanayake et al. [24]. 

Modeling Steering Tasks with Steering 

Pastel found that when navigating a path with a corner in 

the middle, users steered in the first path segment, then 

stopped at the corner, and then steered again in the second 
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path segment [19]. Hence, passing through a tunnel whose 

center bends at a certain angle (45°, 90°, and 135°) can be 

predicted to require the time MT: 

�� = � + ���� + ���� (8) 

where IDP uses A/2 for the target distance. Pastel’s 

experiment did not include conditions where the two path 

segments had different widths. In addition, this work did 

not verify model generality for the case of angle = 0°. We 

assume that a path with no bending (a 0°-corner) does not 

follow Pastel’s model because users will not perform a 

stopping operation during their traversal of such a path.  

Bateman et al. conducted steering law experiments in a 

racing video game [5]. The racing courses included three 

straight tracks connected by two 90° corners. Although they 

were aware of Zhai et al.’s driving experiments [31], they 

unfortunately did not show or discuss the fit of the steering 

law for their data. 

In summary, navigating two linear path segments with 

different widths connected in a straight line (i.e., at 0° bend) 

cannot be directly expressed by previous models. The 

simplest way involving the least additional parameters 

would be to add the ID of the first (ID1) and the second path 

segment (ID2), similar to Kulikov’s method: 

�� = � + ���
�� (9) 

��
�� = ��� + ��
 (10) 

We call this the ID2SS model, as it includes two free 

parameters for a combination of a steering and a steering 

task. This model can also be derived from the global form 

of the steering law [1]: 

�� = � + � !"
��"�

#
$

 (11) 

where A is the total path length, x is a position in the path, 

and W(x) is the path width at x. According to this global law, 

the total ID of joined path segments is the sum of each ID 

of all the paths. If the ID2SS model does not fit to the 

experimental data, we have to consider other models or 

additional free parameters. The comparison with other 

possible models will be discussed in Overall Discussion. 

We assume that users’ strategies could be different from 

that in a single path segment. E.g., with only a single path 

segment, the speed in the tunnel is expected to be constant 

per the steering law. The instantaneous speed v in a path is 

then determined by the path width W, as follows [1]: 

	 = �%  (12) 

where τ is the empirically determined time constant. On the 

other hand, if two path segments are joined, where the first 

path segment (path1) width W1 is 50 pixels and the second 

(path2) width W2 is 25 pixels (narrowing condition), a user 

has to decelerate in advance of the joint because the speed 

in path1 is faster than that of path2 according to Equation 

12. The opposite condition (widening) might show different 

characteristics than narrowing. This asymmetric behavior 

cannot be predicted through the original steering law. Thus, 

the relationship of MT and ID might not hold for joined 

path segments with different widths. To address this 

potential shortcoming, we present here several experiments 

and, based on the results, discuss suitable steering models. 

BASELINE EXPERIMENT 1: LINEAR PATH NAVIGATION 

To establish a baseline for later comparisons of user 

strategies and behaviors, we first conducted a traditional 

steering law experiment involving a single linear path. 

Apparatus 

The PC was a Sony Vaio Z (Intel Core i7-5557U, 3.1 GHz; 

Intel Iris 6100; 16 GB; Windows 10). The input device and 

display was a Wacom Cintiq 27 QHD Touch DTK-2700/K0 

(27” diagonal, 2560 × 1440 resolution, 596.7 × 335.6 mm 

active input area, 4.29 pixels/mm). The experimental 

system implemented with Hot Soup Processor 3.4 used full-

screen mode. The system reads and processes input at 

approximately 125 times per second. The pen tablet was 

positioned on a table in “stand” 

mode (20 degrees, Figure 3). All 

participants wore a cotton artist 

glove to reduce friction. 

Participants were informed that 

their palms could touch the 

surface, as we had disabled 

finger touch sensing. 

Participants 

Thirteen volunteers participated in the experiment, of which 

three were female and ten male. The average age was 21.9 

years (SD = 2.15). All participants had normal or corrected-

to-normal vision and were right-handed. Three participants 

had 1 to 7 years of experience with using a stylus habitually. 

Task 

We reused the color scheme from previous work for the 

task areas: a blue starting area, a white path, and a green 

end area [16, 30]. The participants made a stroke within the 

white path as quickly and accurately as possible. A 

crosshair cursor left a trace from the moment of pen contact 

until lift-off. A bell sound was made when the cursor 

crossed the end line. A beep sounded when the cursor went 

over the path constraint. Then the participant had to retry 

the same task again. Going across the boundaries was 

counted as a steering error [3, 30], but lifting the pen tip 

during a trial was not considered an error. Still, if a user 

lifted the pen tip, the trial was suspended, and the 

participant had to redo the task again. Re-starting within a 

path or hovering was not permitted. 

Design and Procedure 

Two movement distances (A = 480 and 640 pixels, or 112 

and 149 mm respectively) and four path widths (W = 15, 23, 

33, and 45 pixels, or 3.50, 5.36, 7.69, and 10.5 mm 

respectively) were tested. The total number of combinations 

Figure 3. 

Experimental setting. 
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of the parameters was 2(A) × 4(W) = 8. IDs ranged from 

10.7 to 42.7 bits. One block consists of a random order of 

the 8 conditions. Participants first performed one practice 

block, and then ten blocks for data collection. Movement 

direction was always to the right. The recorded data for the 

actual tasks were 8 conditions × 10 blocks × 13 participants 

= 1040 trials. Participants took 6 to 7 minutes from the 

instructions to the completion of all tasks.  

Results 

After excluding lifting-pen instances (six trials), the total 

number of trials was 1079, with 39 steering errors (3.61%). 

Following previous work [1, 2, 3, 3029], we analyzed only 

error-free trials via repeated-measures ANOVA with a 

Bonferroni post hoc test. The speed profiles for experiment 

1 will be analyzed with the results of experiment 2 later. 

Movement Time MT 

Figure 4a-c show the average MT. We observed main 

effects for A (F1, 12 = 87.607, p < .001) and W (F3, 36 = 

48.130, p < .001). The post hoc test shows that navigation 

time increases as A increases (p < .001) and W decreases (p 

< .001 for all W pairs). We also observed a significant 

interaction of A × W (F3, 36 = 33.095, p < .001); the MT 

difference between two A values decreases as W increases 

(Figure 4c). These tendencies are consistent with previous 

steering law studies with a stylus. 

 

Figure 4. MT for (a) A, (b) W, and (c) A × W values. 

Errors 

We observed main effects for A (F1, 12 = 10.749, p < .01) 

and W (F3, 36 = 9.768, p < .001). We also observed a 

significant interaction of A × W (F3, 36 = 9.141, p < .001). 

Averaged error rates were 1.52 and 5.63% for A = 480 and 

640 pixels; 4.24, 2.80, 0.192, and 0% for W = 15, 23, 33, 

and 45 pixels, respectively. 

Model Fitting 

Figure 5a and b show that steering law held with excellent 

fits of R2 > 0.99 for MT (Equation 1) and v (Equation 2) 

forms using eight A × W data points. This means that the 

experimental conditions of A and W values, and device, 

were all suitable for steering law tasks. 

 

Figure 5. Steering law fitness with (a) MT and (b) v forms. 

EXPERIMENT 2: NAVIGATING TWO JOINED PATH 
SEGMENTS WITH SAME LENGTHS AND DIFFERENT 
WIDTHS 

The purpose of this experiment was to observe the effects 

of a joint between two path segments on users’ behaviors 

and model fitness. To increase internal validity, we simply 

connected two paths used in the experiment 1. This study 

was conducted directly after experiment 1 using the same 

apparatus and the same 13 participants. 

Design and Procedure 

The same values of A and W were used in this experiment; 

A (A1 and A2) = 480 and 640 pixels, and W (W1 and W2) = 

15, 23, 33, and 45 pixels. A1 and A2 were always the same 

value, while W1 and W2 were always different values, which 

excludes the (relatively uninteresting) condition of a normal 

(equal width) steering task. The total combinations of the 

parameters were 2(A) × {4(W1) × 4(W2) – 4 (excluding W1 = 

W2)} = 24 conditions = 1 block. Participants first performed 

half a block (12 trials) in random order as a practice session, 

and then performed five blocks of actual trials. Movement 

direction was always to the right. The recorded data for the 

actual tasks were 24 conditions × 5 blocks × 13 participants 

= 1560 trials. The total time taken was 15 or 20 minutes. 

Two paths were connected at their centers on the y-axis as 

illustrated in Figure 1c, and the path segment joint was 

always located at the center of the display.  

Results 

After omitting lifting-pen instances (22 trials), the total 

number of trials was 1703, with 143 errors (8.40%). Below, 

we first analyze model fitness and present analyses of MT 

and error rates later.  

Model Fitting 

At first, we check whether the steering law holds for each 

of the two path segments (path1 and path2) separately. We 

then check whether the simple sum of two IDs (ID2SS, 

Equation 9) model user performance for the entire path well. 

With six data points, Figure 6a shows that the steering law 

held well for narrowing path sequences (i.e., W1 > W2). 

Figure 6b shows that the widening condition follows the 

law too. The fit without separating tunnel type (narrowing 

or widening) is not as good (R2 > 0.91, Figure 6c). Thus, our 

hypothesis for a need to create a steering law for joined 

path segments is not strongly supported for the tested 

configurations. Figure 7a-c show the results of path2, and 

Figure 8a-c show the model fitness using the ID2SS model.  

Note that, the “no separation” graphs in Figure 6c, Figure 

7c, and Figure 8c did not merge MT data with the same ID 

values. For example, in path1 (Figure 6), the times on ID = 

19.4 bits were 1295 and 1037 ms for (a) narrowing and (b) 

widening respectively. If we use one merged point for 

narrowing and widening conditions on the same ID value, 

the MT for no separation is 1209 ms. The merged data is 

not the average of the two tunnel types, due to the different 

number of data points. The results for no separation using 

merged MT on the same ID are as follows: 
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Path1 time MT = +294.2 + 45.92 × ID, with R² = 0.981 

Path2 time MT = –17.94 + 46.94 × ID, with R² = 0.992 

Total time MT = –137.3 + 55.51 × ID, with R² = 0.995 

 

Figure 6. Model fitness of path1 in conditions of (a) narrowing, 

(b) widening, and (c) no separation of tunnel types. 

 

Figure 7. Model fitness of path2 in each condition. 

 

Figure 8. Model fitness of total times for each condition. 

Movement Time MT 

Because of the combinations of tunnel parameters, we 

cannot use an ANOVA with A, W1, and W2 as independent 

variables. For example, a condition of W1 = 15 does not 

have W2 = 15. In addition, (path1 × narrowing) and (path2 

× narrowing) have different ID values (see Figure 6a and 

Figure 7a), and thus an ANOVA for separating path1 and 

path2 cannot use ID values as an independent variable. 

Therefore, we analyze only the total time using tunnel type 

(narrowing or widening) and ID2SS as independent variables. 

We observed main effects for tunnel type (F1, 12 = 15.405, p 

< .01) and ID (F11, 132 = 41.969, p < .001). The post hoc test 

shows that navigation for narrowing requires longer times, 

2456 ms, compare to widening, 2326 ms (p < .01). The time 

required tends to grow with larger ID values. 

Errors 

We observed main effects for tunnel type (F1, 12 = 9.302, p 

< .05) and ID (F11, 132 = 6.156, p < .001). The post hoc test 

shows that the error rate for narrowing, 54/834 = 6.47%, is 

less than for widening, 89/869 = 10.2% (p < .05). The error 

rate tends to increase with larger ID values. 

Discussion with Speed Profile Analysis 

As shown in Figure 6-8, the steering law held reasonably 

well for all conditions in experiment 2. Hence, we wanted 

to analyze if users’ strategies had not changed compared to 

those in experiment 1. To verify this question, we analyze 

the speed profiles for experiments 1 and 2 together.  

A red line in Figure 9a shows the average speed profile on 

the x-axis for all participants under the condition of A = 480, 

W1 = 23, and W2 = 15 pixels in experiment 2. Because the 

raw data at the 8 ms sampling rate were very noisy and 

because we want to focus on the path segment joint, we re-

sampled the cursor trajectories at every 40 pixels on the x-

axis. The time for path1 (W1 = 23) was 1323 ms, and for 

path2 (W2 = 15) was 1444 ms. The two blue lines in Figure 

9a show speeds in experiment 1 with the same width as 

path1 and path2 of experiment 2. The average times were 

911 ms for W = 23 and 1451 ms for W = 15. The times for 

path2 in experiment 2 had only a small difference from the 

corresponding tasks in experiment 1 (7 ms, 0.77% longer), 

while the same correspondence in path1 shows a marked 

difference (412 ms, 45% longer).  

A red line in Figure 9b shows the speed for the widening 

condition of A = 480, W1 = 15, and W2 = 23 pixels. Similar 

to the narrowing condition, the time for path1 of 1688 ms 

was significantly longer than that of experiment 1 (237 ms, 

16% longer), while path2 with 890 ms was less than in 

experiment 1 (21 ms, 2.3% shorter). 

  

Figure 9. Red lines show the average speed profiles under the 

condition of A = 480, W = 23 and 15 for (a) narrowing and (b) 

widening path segments in experiment 2. Blue lines show the 

data from experiment 1. The green line at the center is the 

path joint. The speed at the start line is undefined. 

At the start point of a path, it is natural that the speeds are 

slower than the top-speed for both narrowing and widening, 

because many users touched the surface with the stylus just 

before the start line and then gradually increased the speed. 

However, the speed at the first plot point in experiment 2 is 

slower than the speed at the start of experiment 1. This 

means that users anticipated the following path and they 

tried to limit their top speed at or even before the start. In 

addition, users changed their steering behaviors in the first 

path segment (path1) in the presence of a second path 

segment. Although the speed gradually increased until the 

end in experiment 1 (blue lines), in experiment 2 the speed 

began to decrease at x = 240 (the center of path1) for 

narrowing conditions. Furthermore, the top speed did not 

reach the same speed for a path with a width of 23 pixels 

compared to the speed of experiment 1. To be specific, 

users decreased the speed at around 0.36 pixels/ms before 
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the joint as shown in Figure 9a. In the second path segment, 

they easily reached and then exceeded that speed. Thus, we 

speculate that users decreased their speed more than 

necessary in path1 in the presence of a second path segment. 

Why did the users significantly reduce their speed in the 

presence of a subsequent path segment? Here, we explain 

these behaviors through referring to work outside of HCI, 

namely several studies of similar conditions in the 

psychophysics field: When a person walks on a path and 

has to pass through a gate, s/he rotate the shoulders if the 

gate width is less than 1.3 × shoulder width [29]. Obviously, 

there is no concern of hitting the gate for such a gate width, 

even if subtle movements of the body during walking are 

considered, but we still naturally rotate the body. Humans 

anticipate and prepare more than necessary in advance in 

order to avoid an accident. We fundamentally want to avoid 

errors and put in effort, even if the effort may be wasted 

later. Higuchi et al. performed another study on gate 

passing [14] where participants answered that they could 

pass through the gate at 2.8 m in front of the gate. They 

predicted that they could not pass through the gate if the 

width was less than 1.15 × shoulder width. Hence, they 

could not perfectly predict the gate width, and if that width 

would require shoulder rotation.  

In summary, humans change their actual behavior to avoid 

errors, and the necessity of the behavior change is partially 

determined in advance. In our experiment 2, the excess 

speed reduction for the narrowing condition might occur to 

avoid going over the boundaries when entering path2. The 

long distance of the deceleration in advance of the segment 

joint can also be explained through the analogy with 

Higuchi et al.’s study; users reliably anticipate and 

determine whether they should change their later behavior 

(i.e., reduce their speed).  

For other tunnel parameters not shown in Figure 9 we 

observed similar tendencies; speeds in path2 are close to the 

results of experiment 1; those in path1 for narrowing follow 

an inverted “U” shape; and speeds in path1 for widening 

gradually increase, but slower than for experiment 1. 

Although users exhibited significantly different behaviors, 

the steering law still held for any conditions in experiment 2. 

Hence our results demonstrate an aspect of generality of the 

steering law: we can accurately predict the total time for the 

two joined two path segments. 

However, this still poses additional questions. First, does 

the steering law fit hold for conditions with different path 

segment lengths, i.e., A1 ≠ A2? Experiment 2 included only 

conditions with A1 = A2 because our purpose was to analyze 

the effects of the path segment joint in isolation. The simple 

sum of two ID values was sufficient to model the total 

performance for A1 = A2 conditions, but this might only 

hold if the weights of two ID values are equivalent. If the 

balance is broken, for example, A1 = 100 and A2 = 400 

pixels, some appropriate weights could be needed, such as: 

���� + �
 × ��� +
�
�� + �
 × ��
 (13) 

or, 

�� × ��� + �
 × ��
 (14) 

Another question is if the steering law ID2SS model applies 

for conditions with W1 = W2? Such conditions were omitted 

in experiment 2 to test only paths with a joint. If the results 

of constant-width path differ from those with a joint, we 

have to predict times with a separate model. To analyze the 

generality of the steering law for such conditions, we 

conducted another experiment. 

EXPERIMENT 3: NAVIGATING TWO JOINED PATH 
SEGMENTS, INCLUDING CASES WHERE LENGTHS 
ARE DIFFERENT AND WIDTHS ARE EQUAL 

The purpose of this experiment was to validate the 

applicability of the steering law for two joined path 

segments, including cases where lengths are different and 

widths are equal (i.e., one linear path). The same 13 

participants joined, and the same apparatuses were used. 

Depending on each participant this study was conducted 12 

to 20 days after experiment 1 and 2. 

Design and Procedure 

Figure 10 shows the path parameters in this experiment. 

Five A1 values (150, 250, 400, 600, and 800 pixels, or 35.0, 

58.3, 93.2, 140, and 186 mm respectively) and three W 

values for both W1 and W2 (15, 23, and 39 pixels, or 3.50, 

5.36, and 9.09 mm respectively) were tested. A2 was always 

400 pixels. Thus, the ratio of A1/A2 was 0.375, 0.625, 1.00, 

1.50, and 2.00, respectively. In this experiment we included 

conditions with the same values of W1 and W2. The total 

combinations of the parameters were 5(A1) × 1(A2) × 3(W1) 

× 3(W2) = 45 conditions = 1 block. Participants first 

performed 20 trials from these 45 conditions in random 

order as a practice session, and then performed four blocks 

as actual trials. Movement direction was always to the right. 

The recorded data for the actual tasks were 45 conditions × 

4 blocks × 13 participants = 2340 trials. The total time 

taken was 20 or 25 minutes. The condition of tunnel type 

(narrowing, widening, and constant) was defined by the 

combination of W1 and W2. The two paths were joined at 

the centers on the y-axis, and the path joint always located 

at the center of the display. 

 

Figure 10. Parameter definition for experiment 3 with two 

joined path segments with unequal length. This image 

illustrates a condition with A1 > A2, and W1 > W2. 

Results 

After omitting lifting-pen instances (3 trials), the total 

number of trials was 2582, with 242 steering errors (9.37%). 

We cannot analyze the data using ID2SS as an independent 
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variable because the three tunnel types had different IDs. 

Hence, we compare MT and error rates using only tunnel 

types. 

Movement Time MT 

We observed a main effect of tunnel type (F2, 24 = 10.950, p 

< .001). The average MT was 1735, 1643, and 1551 ms for 

narrowing, widening, and constant respectively. The post 

hoc test shows that navigation for narrowing requires 

longer times than constant (p < .01). The other pairs show 

no significant difference. 

Errors 

We observed no main effect of tunnel type (F1, 12 = 0.057, p 

= .945). The results were 81/861 = 9.41% for narrowing, 

79/859 = 9.20% for widening, 82/862 = 9.51% for constant. 

Model Fitting 

Figure 11a-c show that steering law held using 15 data 

points for each tunnel type (R2 > 0.95), and Figure 11d 

shows a good fit using all 45 data points (R2 > 0.96). 

 

Figure 11. Model fitness in conditions of (a) narrowing, (b) 

widening, (c) constant, and (d) no separation. 

Discussion with Speed Profile Analysis 

Figure 12 shows the average speed profiles. We re-sampled 

at every 50 pixels as a common divisor of the five A1 values, 

after confirming 25 pixels still showed noisy lines. 

Figure 12a shows that users could not accelerate in the first 

path segment (path1) due to the extremely short distance. 

Also, the speed in path1 seems to adjust to an appropriate 

value to enter path2. This can be also confirmed by 

comparing to Figure 12e; the maximum speed in A1 = 800 

was 0.620 pixels/ms, while that in A1 = 150 was 0.477 

pixels/ms (23% slower). This means that the users cannot 

accelerate the cursor before the path ends, if A1 is too short. 

Senanayake et al. [25] and Thibbotuwawa et al. [28] 

observed similar behaviors for a single linear path. 

In joined path segments, the speed could not reach the 

appropriate value in the first segment, while the speed in 

the second one reached the appropriate value for W2. Thus, 

users’ performance seemed not to follow the steering law 

predicted by Equation 12. This breaks the consistency 

between path1 and path2. Furthermore, the average speed in 

path1 for narrowing condition differed strongly depending 

on the value of A1. The speeds in path1 calculated via 

A1/(MT for path1) were 0.360, 0.393, 0.422, 0.432, 0.432 

pixels/ms for A1 = 150 to 800 pixels, respectively. The 

speed reached a constant value around A1 = 400 or 600 

pixels. On the other hand, for widening conditions, the 

speeds were 0.341, 0.358, 0.323, 0.338, 0.308 pixels/ms in 

path1 of W1 = 15, which show no clear tendency of 

acceleration/deceleration with increasing A1.  

For the constant condition, as expected, the speeds 

generally increased like the results of experiment 1. In 

summary, clear differences are caused by the conditions of 

tunnel type, path length, and path width. Still, the steering 

law showed excellent fits for any situations in experiment 3. 

Therefore, we confirmed an aspect of generality of the 

steering law; in two joined linear path segments, the 

steering law holds regardless of the differences of path 

length and width, including equivalent lengths and widths.  

 

Figure 12. Average speed profiles under the condition of W = 

23 and 15 for (top) narrowing and (bottom) widening 

conditions. (left to right) A1 = 150 to 800 pixels respectively. 

Green lines at the center show the path joint. 

OVERALL DISCUSSION 

Auto-weight Function in Steering Law Structure 

According to the results of experiments 2 and 3, the 

steering law ID2SS held for two joined linear path segments. 

For a range of 0.375 to 2.00 for A1/A2, the robustness of the 

law was confirmed through accurate model fits. We 

speculated initially that the balance of ID1 and ID2 would 

break if the path lengths were different, but this hypothesis 

was not supported. Again, summing the two IDs means 

ID2SS = A1/W1 + A2/W2. We consider that the structure of this 

sum itself has weights. For example, in a condition of A1 = 

800 and A2 = 400 pixels, weights of 2:1 might be required. 

However, the ID2SS model of 800/W1 + 400/W2 already has 

appropriate weights through the two A factors. In hindsight, 

this “auto-weighting” function is inevitable due to the 

structure of the steering law. Yet this function had not been 

documented in the literature, likely because steering tasks 

with joined path segments have been not analyzed in detail. 

Anticipation of the Following Path 

Our hypothesis of that users change their behaviors affected 

by a path joint was strongly supported (Figure 9 and 12). 

Users determined the need to accelerate or decelerate by 

anticipating the following path segment being 

narrower/wider/equivalent compared to the current one. 

Anticipation behaviors can be seen in the narrowing 

conditions more easily than the other ones. In a condition of 

W1 = 23, W2 = 15, and A1 = 600 and 800 pixels in 

experiment 3, users began to decelerate about 250 pixels in 

advance of the joint (Figure 12d and e). Other parameter 
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combinations of W and A showed different peak points 

(Figure 12a, b, and c). Can we define this peak-to-joint 

distance as the anticipation distance for entering the second 

segment? Yet, we can even observe that users determined 

the strategy to enter path2 before entering path1. As shown 

in Figure 9, users’ behaviors in path1 were significantly 

affected by the presence of path2 compared to without it. 

Therefore, anticipation distance is not an appropriate name 

for the distance of peak-to-joint, which we term DPJ.  

How is this DPJ determined by users? According to 

Equation 12, DPJ depends on the paths widths; the current 

speed is proportional to the current width, and the distance 

to decelerate increases as the difference between the 

appropriate speeds in path1 and path2 becomes greater. To 

confirm this, we reanalyze the data of experiment 2, which 

tested four W values. Figure 13 shows conditions with W2 = 

15 pixels. We assumed that the peak in path1 appears 

earlier as W1 increases, but the results do not show a clear 

relationship between DPJ and W1. Although deriving a 

model for the relationship between them would pose an 

interesting contribution to the field of human performance 

modeling, none of models we derived fitted the actual data 

of experiments 2 and 3 well. One reason is that a sampling 

distance of 40 or 50 pixels is comparatively coarse for path 

widths of 15 to 45 pixels. A finer sampling could reveal the 

speed characteristics for each condition better, but when 

data is noisy (spiky) it is harder to define a true peak.  

 

Figure 13. Average speed profiles of the narrowing condition 

in experiment 2. (a) A1 = 480 and (b) A2 = 640 pixels. Green 

lines show the path joint on the x-axis. Arrows indicate peaks 

in path1. 

If A1 is short, DPJ has different characteristics. In the 

condition with W1 = 23, W2 = 15, and A1 = 150 pixels, users 

had to set the speed for W2 at the start (or even before the 

start) of path1, otherwise they would cause errors. 

Therefore, even if a model for DPJ from path parameters is 

derived, the model could only adapt to conditions with 

sufficiently large values for A1. 

Although our experiments did not include a condition with 

various A2 values, behaviors in path1 could also be affected 

by the value of A2. Imagine an extreme condition: A2 = 30 

pixels for a narrowing condition. Here, users do not have to 

reduce the speed in path1 to pass through path2, and the 

task becomes close to a combination of a steering and a 

crossing [4] task. 

Comparison with Other Models 

The ID2SS model accurately modeled steering through two 

joined paths segments. However, according to the speed 

profiles, user behaviors in joined paths were different from 

those in a single segment. Thus, we explore a model which 

reflects human behavior better than a sum of two ID values. 

Weighted Models 

The fitness of the weighted models are as follows: for 

experiment 2, R2 = 0.986 and 0.908 (Equation 13 and 14, 

respectively), and for experiment 3, R2 = 0.913 and 0.910. 

We assume that the reason behind the reduced fitness is that 

these models do not consider the user behaviors shown in 

Figure 9. Therefore, more sophisticated models are required 

to explain the users’ behaviors. 

Deriving Better Models for Users’ Behaviors 

Predictive model fitness cannot be discussed only through 

comparing R2 values, because a complex model with many 

free parameters naturally increases the fit. Hence, we also 

compare with the Akaike information criterion (AIC) [6]. 

This statistics method balances the complexity of the model 

(i.e., number of free parameters) and the fitness, and 

determines the comparatively best model. As a brief 

explanation, a model with (a) lower AIC value is a better 

one, (b) AIC ≤ (AICminimum + 2) considers comparisons 

with better models, and (c) AIC ≥ (AICminimum + 10) is safely 

rejected．This analysis method was also used for selecting 

a pointing task model by Ren et al. [22] and Chapuis and 

Dragiceivc [8]. 

Another alternative candidate model is to use three free 

parameters for two steering IDs, similar to Dennerlein [9]: 

ID3SS model: �� = � + � '#()(* + � '#+)+* 
and we call this the ID3SS model. Next, we adapt 

Senanayake’s model [24] to our experimental tasks. When a 

user navigates a single path, s/he can gradually accelerate 

and escape from the path (see blue lines in Figure 9). 

However, when s/he navigates two joined path segments, 

the speed in path1 cannot reach a speed comparable to that 

in a single path for both narrowing and widening conditions 

to correctly enter path2. Another way to state this is to say 

that a user reduces the speed to pass through the “gate” 

before entering the second segment. The preparation time to 

adjust the speed before entering the path2 is not modeled by 

the original steering law, and hence, the deceleration and 

longer times are unique characteristics of paths with joined 

segments. To take the time to enter the gate into account, it 

is reasonable to add a crossing time [4]. As illustrated in 

Figure 14, this motivates us to derive a model with three 

different performance phases. The core of this idea is that a 

user transits to a crossing operation for W2 at a distance (n × 

W1) in advance of the joint (n is same as Senanayake’s 

model). To cross a line of width W which lies at a distance 

A, we use the same formula as Fitts’ law (Equation 3). Our 

new model for a combination of a steering, a crossing, and 

a steering task is: 

�� = � + � ��� − ����� � + � log
 �����
 + 1� + ! �
�
�
� 
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 Model a b c d R2 AIC 

E
x
p

er
im

en
t 

2
 

ID2SS -137.3 [-277.4, 2.883] 55.51 [52.54, 58.47] ― ― 0.986 290 

ID3SS -137.3 [-243.0, -31.51] 51.77 [48.88, 54.67] 59.24 [56.35, 62.13] ― 0.992 277 

ID4SCS -319.0 [-674.8, 36.90] 60.99 [53.32, 68.66] 187.5 [40.37, 334.7] 49.73 [41.85, 57.62] 0.994 272 

ID3SCS -67.71 [-189.0, 53.61] 55.45 [53.41, 57.48] 80.02 [47.30, 112.7] ― 0.996 272 

E
x
p

er
im

en
t 

3
 ID2SS -99.84  [-213.6, 13.92] 45.84 [43.06, 48.62] ― ― 0.963 578 

ID3SS -111.8 [-249.1, 25.46] 45.62 [42.48, 48.75] 46.75 [40.42, 53.08] ― 0.963 580 

ID4SCS -261.4 [-428.1, .94.70] 49.84 [47.03, 52.65] 228.3 [147.3, 309.3] 31.14 [23.82, 38.47] 0.979 556 

ID3SCS -115.1 [-295.1, 64.92] 45.97 [43.44, 48.49] 91.84 [33.66, 150.0] ― 0.970 571 

Table 1. R2 and AIC values for four candidate models. a, b, c, and d are constants with 95% CI values [min, max] in the models. 

Colored cells show the best values for each analysis method. 

and we call this the ID4SCS model. The difference from 

Senanayake’s model is that a line to be crossed has no 

depth size S, as in pointing tasks. Another option is to add 

the two steering ID values as in the ID2SS model: 

�� = � + � ��� − ����� + �
�
� + � log
 �
����
 + 1� 

and we call this the ID3SCS model.  

 

Figure 14. A model of two steering and one crossing phases. 

As we explore models for the relationship between the total 

MT and path parameters, we analyze the composite of all 

data for experiments 2 and 3 (no separation conditions in 

Figure 8 and 11). Senanayake et al. showed that the fitness 

improved by changing the Fitts’ ID model depending on 

target distances, and by changing the steering ID model 

when the ID was less than eight [24]. These alternatives 

were based on the fact that Fitts and steering IDs only 

depend on the distance A when A is small [13, 28]. 

However, for a fair comparison with the other models, we 

only use basic models of ID4SCS and ID3SCS models without 

changing the form of the ID. In our analysis, we fixed the n 

value to 5 as in previous work [24]. We observed that (A1 – 

nW1)/W1 was sometimes negative in our ID4SCS and ID3SCS 

models, e.g., A1 = 150, W1 = 39, n = 5 results in –1.15. This 

can be explained by that users anticipated the joint even 

before the cursor entered path1. Because n was fixed, it was 

not counted as a free parameter in the AIC calculation. 

Table 1 shows the result. Overall, the SCS models showed 

better fits than SS models. For SS models, 2SS showed a 

worse fit than 3SS for both R2 and AIC values in experiment 

2, and close fits in experiment 3. For SCS models, the 

difference in R2 values was less than 1% in experiments 2 

and 3. Yet, the AIC difference between 4SCS and 3SCS was 

more than 10 in experiment 3, with 4SCS being the better 

choice according to the AIC threshold criterion. In summary, 

although the SS models show good fits, taking the crossing 

operation between two steering operations into account 

provides even better predictions, with ID4SCS being the best 

choice. 

We also analyzed if the choice of n = 5 affected the 

outcome of our work. If we optimize n in the SCS models to 

maximize the R2 value and to minimize the AIC value, their 

optimized values have little difference from those for n = 5. 

As these changes do not affect the overall conclusion on the 

model comparisons above, we conclude that the SCS 

models are not that sensitive to the n value, and this result 

justifies a previous study [24] which fixed the n value to 5.  

Still, we initially believed that we could identify the true 

anticipation distance from the n value which optimizes the 

R2 and AIC values. However, we found it quite difficult to 

clearly separate the steering and crossing phases, potentially 

because a steering operation can be interpreted as a 

sequence of crossing operations [1, 31]. Although 

determining the anticipation distance to pass through the 

gate is difficult, we conclude that adding a crossing term 

between two steering motions still improves model fitness. 

While the SCS models explain the acceleration/deceleration 

behavior better, the difference in terms of ID between the 

SS and SCS models is small for experiment 2 and 3. Even 

when the crossing-ID was inserted, the replaced ID values 

were less than 3.5 bits, while experiment 3 explored IDs up 

to 80 bits. We assume that reason behind the small 

improvement of the model fitness comes from this small 

replacement of ID values.  

Effects of Learning, Scaling, and Fatigue 

In our study, user performance could be affected not only 

by A and W. For example, experiment 1 and 2 were 

performed first, and then experiment 3 was designed based 

on the results of these experiments. Thus, the order was not 

balanced, and learning effects could exist in our data 

Another potential effect is scaling [3]. Experiment 1 

involved (max) 149-mm lengths, which required mainly 

wrist movements with a forearm extension, while 

Experiment 3 included (max) 279.2-mm lengths, which can 
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require upper-arm movements. Such greater motor 

movements could degrade the steering performance [3].  

Fatigue can also have an effect. It took seven minutes for 

experiment 1 and 25 min for experiment 3. For these 

reasons, the validity of direct data comparisons (e.g., for 

performance or speed) is somewhat limited in our study. 

Application 

Based on the speed profile, a support system could predict 

if a user wants to enter a narrow path. Thus, forward objects 

could be shrunk temporarily during lassoing when a user 

decelerates. Figure 15 shows the procedure; a) when a user 

decelerates to enter a narrow path during making a lasso 

stroke, b) the forward objects shrink to decrease steering 

difficulty. If the user would not like to enter the narrow path 

(e.g., the user just wants to stop there to finish the lasso), 

the shrinking effect does not have a negative effect on the 

operation. We will evaluate this idea in the future. 

 

Figure 15. Facilitation system for lassoing tools. (a) When a 

user decelerates to enter the narrow path, (b) this system 

shrinks the objects in the (predicted) direction of the path.  

Limitations and Future Work 

The conditions tested in our experiments are still somewhat 

limited. Paths were only linear in shape and always 

connected at the center on the y-axis. Thus, the best strategy 

was moving the pen tip in the middle of the paths on the y-

axis. If the two paths were connected at different positions, 

e.g., at the top as illustrated in Figure 16a, users’ strategies 

would need to change. Here, some users might always 

navigate closely to the top boundary to reduce the total 

movement distance in the path like Figure 16a-(i). Others 

might navigate along the middle of path1, and then transit 

to the middle of path2 to avoid errors like Figure 16a-(ii).  

The number of path segments is another limitation. We only 

tested two path segments with a single joint. In a condition 

where more paths are joined, different behaviors might be 

observed. As an extreme scenario, Figure 16b shows a 

sequentially connected repeated sequence of path1 (A1, W1) 

and path2 (A2, W2). Can we calculate the entire ID as (A1/W1 

+ A2/W2) × (number of path1 and path2), even if A1 is short, 

e.g., 30 or 40 pixels? We assume that the entire ID becomes 

closer to the (entire length)/W2 as A1 becomes shorter, 

because the wider width of W1 cannot be effectively used. 

Drewes presented this problem and made the same 

assumption [10]. Our experimental results support this 

hypothesis as follows: users have to avoid errors to 

accomplish steering tasks, and thus the speed in path1 must 

decrease to enter path2, based on the anticipatory behavior 

that we observed. If A1 is short, because users anticipate the 

next path in advance of a joint, users have to continuously 

adjust the speed at the appropriate value for W2, and thus 

the path width is expected to be always close to W2. Further 

work is required to validate this hypothesis.  

 

Figure 16. Two cases that our current work cannot describe 

adequately: (a) Steering through paths connected off-axis. (b) 

Steering through a sequence of six pairs of wide-to-narrow 

paths. 

The four models derived in this paper accurately predict MT 

based on data for joined path segments. However, these 

models cannot predict MT for joined path segments from 

data for a single path, because slopes and intercepts of 

single and joined path segments are not similar (see Figure 

5a and Table 1). To predict MT in joined path segments, we 

have to 1) measure MTs with various IDs in joined path 

segments, 2) regress the data (like Figure 11), and 3) use 

that to predict MT for a given ID value. We cannot predict 

MT from single path segment data, as the crossing-motion 

occurs only in joined path segments. 

Our future work will also investigate a more general 

steering model that covers, e.g., linear, joined, and curved 

paths. In it, we might consider human-focused parameters, 

such as Higuchi et al.’s work on anticipation [14] and Zhou 

and Ren’s work on subjective operational biases [34]. To 

achieve this goal, much more experimental work is needed. 

CONCLUSION 

We conducted several steering law experiments to 

investigate performance for steering tasks with two joined 

linear path segments. Users’ behaviors significantly 

changed in the presence of a path joint, but a simple sum of 

two IDs for each path was enough to model the 

performance well. Four possible models were compared by 

the fitness using R2 and AIC, and we identified model 

ID4SCS, to be the best overall, as it takes account of the 

crossing operation required for entering the following path. 

The speed profiles in joined path segments have not been 

studied before, nor have the speed differences from a single 

path segment and the reasons behind them been explored. 

Especially the deceleration data for narrowing conditions 

identifies fundamentally different behaviors relative to 

previous work. Our results thus provide a better 

understanding of steering motions, in particular for error 

avoidance strategies and anticipation of the successive path 

segment, which can be observed only in path sequences. In 

the future, we will investigate more complex conditions, 

including combinations of paths with changing widths and 

corners, towards a more general version of the steering law. 
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