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Abstract –  

Hydraulic excavators are used for various 
purposes, such as excavation, dismantling, and 
leveling. The accurate positioning of the excavator is 
particularly important in loading operations, such as 
positioning a bucket immediately above a target. The 
positioning of a bucket via the swinging operation can 
also be regarded as a kind of pointing operation. 
There are the dynamic characteristics of hydraulic 
excavators. However, a pointing motion model that 
considers dynamic characteristics, such as delay, has 
not been proposed. In this study, the swinging 
operation of a hydraulic excavator was simulated and 
experiments were performed to clarify the relation 
between the dynamic characteristics of hydraulic 
excavators and their work efficiency. The dynamic 
characteristics of the swinging operation of the 
hydraulic excavator were assumed as a first-order 
system with dead time. Based on this result, a new 
difficulty model considering dead time and the time 
constant was proposed, and it was compared with the 
original Fitts’ model based on the coefficient of 
determination. It was confirmed that the proposed 
model represented difficulty more accurately 
compared to the original Fitts’ model. 
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1 Introduction 
Hydraulic excavators (Figure 1), which are a type of 

construction machinery, are used for various purposes, 
such as excavation, dismantling, and leveling, because of 
many degrees of mechanical freedom and a variety of 
attachments. In recent years, teleoperated hydraulic 
excavators have been used at multiple disaster sites. 
These excavators are highly versatile. However, there are 
design problems based on ergonomics, such as the lack 
of feedback information and low visibility, and these 
problems reduce the work efficiency of excavators [1]. 

The operation of a hydraulic excavator in general 
civil engineering works is broadly divided into three 
operations, i.e., swinging, running, and excavation. 
Operators control hydraulic excavators using joysticks 
that are located close to their hands. When the swinging 
operation is carried out, according to the International 
Organization for Standardization, the swinging direction 
and swinging speed of a hydraulic excavator are 
determined by moving the left lever to the right or left. 
The accurate positioning of the excavator is particularly 
important in loading operations, such as positioning a 
bucket immediately above a target. Conventionally, the 
pointing operation involves pointing and selecting a 
target using a mouse or touchpad on a graphical user 
interface. However, the positioning of a bucket via the 
swinging operation can also be regarded as a kind of 
pointing operation. Hayashi and Tamura [2] 
experimentally investigated the pointing operation using 
a bucket to verify the effectiveness of the vibration of a 
joystick in a teleoperated hydraulic excavator system.  

In our previous study [3], we developed a difficulty 
model that extends Fitts’ law for the relationship between 
the range of view and work efficiency. The field of view 
affects the work efficiency of a hydraulic excavator when 
it performs the swinging operation. There is a boom on 
the right side of the driver’s seat of the hydraulic 
excavator, and the field of view on the right side is 
narrower than that on the left side. Particularly in the case

 
Figure 1. Hydraulic excavator components 
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of teleoperation, the field of view is limited by the display 
range of the monitor. In addition, the dynamic 
characteristics of hydraulic excavators, such as dead time 
and inertia, cannot be neglected. The purpose of this 
study was to investigate the relationship between the 
dynamic characteristics and work efficiency of a 
hydraulic excavator. However, as it is difficult to change 
the dynamic characteristics of an actual hydraulic 
excavator, the swinging operation of a hydraulic 
excavator was simulated and experiments were 
performed. The dynamic characteristics of the swinging 
operation were assumed as a first-order system with dead 
time, and the time until turning to the target angle was 
measured for different dead times and time constants. 
Additionally, a difficulty model for estimating task time 
was proposed. By using this model, we can evaluate and 
increase the rotate work efficiency of the excavator. 

2 Previous Studies on Pointing Motion 
Models 

Numerous studies have attempted to model the 
difficulty of pointing motion. One of the existing models 
is Fitts’ law, which models the relationship between the 
index of difficulty, 𝐼𝐼𝐼𝐼, and the pointing time, 𝑀𝑀𝑀𝑀, of a 
pointing task. According to Fitts’ law, 𝑀𝑀𝑀𝑀 increases as 
the distance from the starting position to a target 
increases and the target size decreases. MacKenzie [4] 
improved Fitts’ model and expressed the 𝐼𝐼𝐼𝐼 as follows: 

𝐼𝐼𝐼𝐼 = log2 �
𝐼𝐼
𝑊𝑊

+ 1� (1) 

where 𝐼𝐼 is the pointing distance and 𝑊𝑊 is the pointing 
size. 𝑀𝑀𝑀𝑀 tends to increase linearly with 𝐼𝐼𝐼𝐼. This 
relationship can be expressed using experimentally 
obtained constants 𝑎𝑎 and 𝑏𝑏, as follows: 

𝑀𝑀𝑀𝑀 = 𝑎𝑎 + 𝑏𝑏𝐼𝐼𝐼𝐼 (2) 

Fitts’ law was originally proposed as a simple motor 
response model with one dimension. MacKenzie [5] 
extended this model to consider two-dimensional 
pointing operations. Subsequently, Murata and Hirose [6] 
extended it to consider three-dimensional pointing 
operations. Various studies have extended Fitts’ law to 
consider factors other than distance and size. Jax et al. [7] 
proposed the following equation to predict pointing time 
when pointing motion was performed on a curved line, 
𝑂𝑂𝐼𝐼, assuming that an obstacle existed: 

𝑀𝑀𝑀𝑀 = 𝑎𝑎 + 𝑏𝑏𝐼𝐼𝐼𝐼 + 𝑐𝑐𝑂𝑂𝐼𝐼 (3) 

where 𝑎𝑎, 𝑏𝑏, and 𝑐𝑐 are experimentally obtained constants. 
Accot and Zhai [8] proposed an index of difficulty for the 
steering operation required by a vehicle passing an 
elongated path, such that the vehicle does not extend 
beyond the path’s width. 

 
Figure 2. Swinging operation simulator 

 

𝐼𝐼𝐼𝐼 =
𝐼𝐼
𝑊𝑊

 (4) 

MacKenzie and Buxton [9] proposed the following 
equation for extending Fitts’ law to two dimensions. The 
equation incorporated the target width 𝑊𝑊 and the target 
height 𝐻𝐻. 

𝐼𝐼𝐼𝐼 = log2 �
𝐼𝐼

min(𝑊𝑊,𝐻𝐻) + 1� (5) 

Bi et al. [10] conducted a pointing test using a 
smartphone-sized display and proposed a more accurate 
difficulty model for small displays. It is possible to 
evaluate the operability of pointing devices and 
environments using appropriately designed pointing 
difficulty models. 

In our previous study [3], we attempted to model 
pointing motion considering the effect of the field of 
view. We created a simulation environment for swinging 
pointing operations and examined the relationship 
between the range of the field of view and pointing 
difficulty. Based on the results, the following equation, 
which incorporated the size, 𝑉𝑉, of the field of view, was 
proposed: 

𝐼𝐼𝐼𝐼 = log2 �
𝐼𝐼
𝑊𝑊
∙
𝐼𝐼
𝑉𝑉

+ 1� (6) 

To the best of our knowledge, a pointing motion 
model that considers dynamic characteristics, such as 
delay, has not been proposed. In this study, the swinging 
pointing operation with delay was simulated and the 
relationship between the delay parameter and pointing 
difficulty was investigated. 

3 Approximation of Dynamic 
Characteristics of Hydraulic Excavator 
A hydraulic excavator is operated using joysticks, 

and the angular velocity of the operated object changes 
according to the angle of the joysticks. The input from
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Figure 3. Display image of Simulator 

 
Figure 4. Task of simulation experiment 

 

the joysticks causes attachments to move and swing 
through a hydraulic circuit and a hydraulic cylinder. 
Therefore, there is response delay. In this study, the 
dynamic characteristics, 𝐺𝐺(𝑠𝑠), of the swinging operation 
of the hydraulic excavator were assumed as a first-order 
system with dead time, as follows: 

𝐺𝐺(𝑠𝑠) =
𝐾𝐾

1 + 𝑀𝑀𝑠𝑠
𝑒𝑒−𝐿𝐿𝐿𝐿 (7) 

where 𝐾𝐾 is system gain, 𝑀𝑀 is the time constant, and 𝐿𝐿 is 
dead time. Dead time is the time elapsed from application 
of the input to the observation of the output, and the time 
constant is the constant about the rise time. We 
constructed a difficulty model that incorporated these 
parameters. 

4 Experiments Using Swinging Pointing 
Simulator 

4.1 Simulator Configuration 
We created a system to simulate the swinging 

operation of hydraulic excavators to clarify the effect of 
dynamic characteristics. The system is shown in Figure

 
Figure 5. Target position 
 
Table 1. Parameters of transfer function in 
simulation experiment 

 Dead time (s) Time constant (s) 
Condition 𝐿𝐿acc 𝐿𝐿dec 𝑀𝑀acc 𝑀𝑀dec 

1 0 0 0 0 
2 0.16 0.08 0.6 0.35 
3 0.16 0.08 1.2 0.69 
4 0.32 0.16 0.6 0.35 
5 0.32 0.16 1.2 0.69 
6 0.32 0.16 2.4 1.40 
7 0.64 0.32 1.2 0.69 
8 0.64 0.32 2.40 1.40 

 
2; it consisted of a personal computer, a monitor, and an 
input joystick. The experimental system was created 
using Unity, which is a three-dimensional game engine. 
The start point, pointer line, and target area were 
displayed on the monitor, as shown in Figure 3. When the 
joystick was tilted, the camera in the Unity environment 
rotated according to the tilt direction and the angle of the 
joystick. 

4.2 Experimental Protocol and Conditions 
Experiments were performed with four participants 

(Sub. A to D). We recruited the participants from the 
students at Hiroshima University. Informed consent 
based on the Declaration of Helsinki was obtained from 
all participants prior to the experiments. The participants 
performed a swinging pointing task by viewing the image 
projected by the camera in the Unity environment (Figure 
4). First, the camera pointed to the start point, which is 
indicated by the green line. The camera turned according 
to the operation of the joystick by the participants. The 
pointer line, which is indicated by the black line, existed 
at the center of the camera. The task was finished when 
the pointer was stopped in the target area, which is 
indicated in red. Prior to the task, the participants were 
informed that the target area exists in the right direction 
and that they must finish the task as quickly as possible. 
When one task was completed, it was displayed on the 
monitor that the task has been completed, and the next 
task was started after 1 (s).  

The distance to the target, 𝐼𝐼, was defined as 60°,  
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Figure 6. Experiment result (Sub. A) 
 

90° , and 120°  (Figure 5). The values of the time 
constant, 𝑀𝑀, and dead time 𝐿𝐿 are shown in Table 1. In the 
swinging of the hydraulic excavator, these parameters are 
different for acceleration and deceleration. The time 
constant and dead time were 𝑀𝑀acc and 𝐿𝐿acc for acceleration 
and 𝑀𝑀dec and 𝐿𝐿dec for deceleration, respectively. The target 
size, 𝑊𝑊, was 0.5 (m) and the range of the field of view 
was constant. 

There were 24 experimental conditions, which were 
obtained based on the combination of three conditions of 
the distance to the target, 𝐼𝐼, and eight conditions of the 
dynamic characteristics. The order of the conditions was 
random for each participant. Each participant performed 
the task three times under each condition, and pointing 
time was measured. Participants practiced three times 
when conditions changed. The average pointing time 
calculated using the three measurements was considered 
as the pointing time under a particular condition. 

4.3 Results 
The experimental results for Sub. A are shown in 

Figure 6. This figure shows the pointing time, 𝑀𝑀𝑀𝑀 (s), 
under the target distance conditions of 60°, 90°, and 
120° for the dead time, 𝐿𝐿acc (s), and time constant, 𝑀𝑀acc 
(s). It can be seen that the pointing time tends to increase 
as the distance to the target, 𝐼𝐼, increases, as in the 
original Fitts’ law. Furthermore, it was confirmed that the 
pointing time increased with the time constant and dead 
time. 

5 Modeling of Swinging Pointing 
Operations 

5.1 Proposed Model 
A new difficulty model is proposed based on the 

 
Figure 7. Correlation between index of difficulty 
𝐼𝐼𝐼𝐼 and pointing time 𝑀𝑀𝑀𝑀 for original model 

 

 
Figure 8. Correlation between index of difficulty 
𝐼𝐼𝐼𝐼new and pointing time 𝑀𝑀𝑀𝑀 for proposed model 

 
above results. The difficulty model incorporates dead 
time and the time constant for Fitts’ model considering 
that pointing time increases with dead time and the time 
constant and difficulty increases with pointing time. The 
equation for the model is as follows: 

𝐼𝐼𝐼𝐼new = log2 �
𝐼𝐼
𝑊𝑊

(𝐿𝐿acc + 𝐿𝐿dec + 𝑀𝑀acc + 𝑀𝑀dec) + 1� (8) 

In this work, the coefficient of determination is used as 
an evaluation index, and the proposed model is compared 
with the original Fitts’ model. 

5.2 Evaluation of Proposed Model 
Figures 7 and 8 show the relationship between the 

index of difficulty (horizontal axis) and pointing time 
(vertical axis) for Sub. A. The regression line and the 
coefficient of determination are shown. Figures 7 and 8 
show are for the original and proposed models, 
respectively. The coefficient of determination for the  
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Table 2. Coefficient of determination (all subjects) 

 Sub.A Sub.B Sub.C Sub.D Mean 
for 𝐼𝐼𝐼𝐼 0.076 0.078 0.073 0.063 0.073 

for 𝐼𝐼𝐼𝐼new    0.61   0.45  0.34    0.35   0.44 

 
Figure 9. Comparison of coefficient of 
determination between original and proposed 
models 

proposed model is 𝑅𝑅2=0.61, which is higher than the 
coefficient of determination for the original model 
(𝑅𝑅2=0.08). Table 2 and Figure 9 show the coefficients of 
determination for all subjects and their mean values. The 
coefficient of determination for the proposed model is 
higher than that for the original model for all subjects. In 
addition, the average values of the coefficient of 
determination for the original and proposed models are 
compared using Student’s t-test, and a statistically 
significant difference is observed (𝑝𝑝=0.009). 

6 Discussion and Conclusions 
In this study, the swinging operation of a hydraulic 

excavator was simulated and experiments were 
performed to clarify the relation between the dynamic 
characteristics of hydraulic excavators and their work 
efficiency. The dynamic characteristics of the swinging 
operation were approximated as a first-order system with 
dead time, and the time until swinging to the target area 
was measured for different dead times and time constants. 
It was confirmed that pointing time increased with dead 
time and the time constant. Based on this result, a new 
difficulty model considering dead time and the time 
constant was proposed, and it was compared with the 
original Fitts’ model based on the coefficient of 
determination. It was confirmed that the proposed model 
represented difficulty more accurately compared to the 
original Fitts’ model. The original Fitts’ model may not 
be applicable to the swinging operation of a hydraulic 
excavator because it does not consider response delay. 
The proposed model can be used to evaluate the 
performance of hydraulic excavators, and it is expected 
to improve their work efficiency. However, the size of 
the field of view is not considered in this study. It is 

necessary to develop and evaluate a model that considers 
the size of the field of view. In addition, the suitability of 
the proposed model must be confirmed in actual 
environments where hydraulic excavators are used. 
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