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研究成果の概要（和文）：パーソナルドライバーの車線変更行動のモデル化と、触覚インターフェースを介して
適切なガイダンスを提供するシステムの設計の研究を行っている。実験から収集されたドライバーの行動データ
を分析することにより、運転スタイルを考慮した新しい車線変更モデルが提案された。その後、車両センサデー
タとドライバーの視線行動を測定することにより、意図に基づく触覚インターフェースが設計され、車線維持と
車線変更タスクによって有効性が示された。さらに、腕の筋肉活動を測定する適応型触覚インターフェースが設
計され、ドライビングシミュレーターと実車の実験結果は、ドライバーの受容性だけでなく、安全性と快適性を
向上させることを示する。

研究成果の概要（英文）：This research focuses on modeling lane change behavior of individual drivers
 and designing a guidance-as-needed steering system through haptic interface. At the beginning of 
this project, a novel lane change model that takes account of driving styles was developed by 
analyzing driver behavior data collected from driving simulator experiments. After that, an 
intention-based haptic guidance steering system was designed by real-time measuring vehicle sensory 
data and driver gaze behavior, which shows its effectiveness for both lane keeping and lane changing
 tasks. Furthermore, an adaptive haptic guidance system by real-time monitoring driver arm muscle 
activity was designed and evaluated in lane change tasks. The driving simulator and real-vehicle 
experiment results show that, compared to a one-size-fits-all interface, the developed 
guidance-as-needed interface by taking account of individualized behavior is capable to improve 
driving safety and comfort as well as driver acceptance.

研究分野： Human-Machine Interaction

キーワード： Shared control　Haptic interface　Driver behavior modeling　Driver monitoring system　Mobilit
y system　Steering assist system　Human factors　Machine learning

  １版

令和

研究成果の学術的意義や社会的意義
My research provides insights on understanding how driver interacts with haptic shared control 
system. Moreover, by designing a guidance-as-needed system, my research helps to raise people’s 
motivation and ability to move that would expand their life space by improving driving safety and 
comfort.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

  Although the development of automation has been going fast, it does not mean that human will be 

replaced. From the viewpoint of human factors, understanding and developing driver automation 

interaction is essential for accelerating the introduction of vehicle automation in realistic driving 

situations. Normally, there are two ways of driver-automation control shifting: trading of control which 

means that either the human or the automation system is responsible for a function, and an active agent 

changes alternately from time to time; and sharing of control which means that the human and the 

automation system work together simultaneously to achieve a single function. Shared steering control 

enables a human driver and an automation system simultaneously and cooperatively control the 

vehicle through a haptic interface. However, the current problem is that the existed haptic shared 

control system frequently induces confusion and conflict to drivers, since driver steering behavior is 

various due to individual differences. Therefore, in order to solve the problem of driver-automation 

conflict and to improve driver acceptance, the haptic shared control system will be designed on an as-

needed basis by monitoring driver status and predicting driver intention. 

 

２．研究の目的 

  The purpose of proposed research is to improve driving safety and comfort (e.g. reduced workload 

and lower collision risk) through design and evaluation of a guidance-as-needed steering system for 

individualized lane change assistance. The main objectives are as follows: 

(1) To build a model to understand and predict lane change behavior of individual drivers. 

(2) To design a haptic shared control system to provide reliable haptic guidance on an as-needed basis 

by monitoring driver status and predicting driver intention. 

(3) To evaluate the effectiveness of the haptic shared control system on improving individual lane 

change performance and driver acceptance by driving simulator and real-vehicle experiments. 

 

３．研究の方法 

  A framework of driver-automation 

shared control through haptic interface on 

the steering wheel is shown in Figure 1. 

For a driving task, the driver mainly uses 

visual perception, brain decision, and arm 

operation to control the steering wheel. At 

the meantime, the automation system (i.e. 

haptic guidance steering system shown in 

the figure) provides assistant torque on the 

steering wheel. In this research, in addition 

to vehicular sensory data, driver 

physiological behavioral data were 

measured in real time to make the haptic guidance system adaptable to individual drivers.  

  As shown in Figure 2, a gaze-tracking system (Smart Eye AB, Sweden) was employed to measure 

the driver’s head and eye movements in a driving simulator experiment. The system comprised two 

infrared flashes and three cameras, and it did not cause any physical burden to the participants during 

the measurements. The driving 

simulator consisted of brake and 

accelerator pedals, an electric steering 

system, an instrument dashboard, and 

two rear-view mirrors. In addition, a 

140° field-of-view of driving scene was 

visualized by three projectors. In the 

driving simulator, the electric steering 

system was connected to the host 

computer through a controller area 

network bus. The electric steering 

system consisted of a steering wheel, a 

motor, and an electronic control unit 

(ECU). The ECU calculated the active 

assistance torque, namely haptic 

guidance torque, and then actuated the 

motor. 

  

Figure 2. Driving simulator and COMS EV 

 

 
Figure 1. Schematic diagram of haptic shared control. 

 



  A Myo armband system (Thalmic Labs, Inc.) was employed to measure the sEMG signal of driver’s 

dominant forearm in the driving simulator and real-vehicle experiments as show in Figure 2. The 

muscle activity was measured by calculating the root mean square (RMS) value of the activation from 

eight sEMG sensors within the armband. Normalization of driver grip strength was performed by 

measuring the maximum sEMG value for each participant before the formal experiment. In the Super 

Compact Electric Vehicle COMS (Toyota Auto Body Co., Ltd.), a servomotor and an angular sensor 

are attached to steering column to generate haptic guidance torque and measure the steering wheel 

angle. The maximum torque of servomotor is 70 N·m and the resolution of angular sensor is 0.01°. 

 

４．研究成果 

(1) Driver model for lane change intention prediction 

  To build a driver lane change model, the entire lane-change process was considered as a regression 

problem to give a prediction of time to lane change and time to lane change completion. A GRU-based 

neural network was built and compared with LSTM and SVM methods. A dataset from nine 

participants included 432 times (236 to right, 196 to left) lane change was collected in the experiment. 

These lane-changing and lane-keeping data were processed and formed about 25000 samples. Three 

participants were randomly selected and their last 30 mins data, respectively (about 2200 samples) 

were set to be test data. The rest about 19000 were randomly chosen for training and 3800 for 

validation. We fix our labeling window as three seconds and the sampling rate of 60 Hz.  

  To comparing our method, we also prepared two Support Vector Machine (SVM), one for predicting 

TLC and one for TLCC, and a LSTM network, as shown in Table 1. Two SVM showed much larger 

error than two network models. While the GRU showed 

less error than LSTM. The result indicates that at any 

moment, GRU network can predict the tTLC with an 

error about 0.58 s and tTLCC about 0.51 s. It proves that 

our model is capable of predicting the exact time to lane 

change and time to completion.  

  Furthermore, the regression method can be 

converted to classification result. To be more specific, 

considering any labels greater than 3 s as one, which 

represents lane-keeping state and labels less than 3 s as 

zero for lane change state. We evaluate classification results with Accuracy, Precision and F1 as shown 

in Table 2. Where the True Positive (TP) predictions are the correct prediction of actual lane changes. 

The True Negative (TN) predictions are the correct 

prediction of lane-keeping states. While the False 

Positive (FP) and the False Negative (FN) are the 

misclassifications of actual lane changes and lane-

keeping. Two network models showed a high score in 

three metrics. SVM had a very high Precision but low 

F1 and Accuracy which leading to a low ability to 

distinguish negative samples. While GRU shows better 

than LSTM in all scores. These high scores illustrate 

that anticipating TLC and TLCC at the same time is possible and adding TLCC as output would not 

be an interference in TLC classification problem.  
 
(2) Intention-based haptic guidance for lane changing tasks 
  In a driving simulator experiment, 12 participants drove seven trials to investigate two factors, as 

shown in Table 3. In manual driving condition, the participants drove without assistance. In conditions 

2 to 7, the participants drove with the intention-based haptic steering (IBHS) system and different 

assistance methods. The effect of haptic torque strength and lane change assistance methods on driving 

performance was investigated. 

  The result of mean time duration of a LC is plotted 

in Figure 3. It can be observed that the duration showed 

a significant reduction after supporting steering torque 

(F (6,652) = 9.03, p < 0.001). The t-tests between the 

Manual and different IBHS systems indicated that 

except for the Weak-Gentle method (p = 0.208), all 

methods showed significance in shortening the LC 

duration. The two-way ANOVA test for IBHS methods 

revealed the significance in changing the LC duration 

among torque strengths (F (1,559) = 21.63, p < 0.001), 

and ΔTLC revelated the speed of LC (F (2,559) = 6.4, 

Table 1. RMSE comparison of different 

regression models 

 

Table 2. Classification comparison after 

converting 

 

Table 3. Experimental conditions 

 



p = 0.002). However, no significance 

was found in the interaction (F (2,560) 

= 0.81, p = 0.447). It can be seen there 

was a tendency for the duration to be 

reduced when ΔTLC became shorter. 

Thus, a strong assisting torque is more 

effective than a weak one in shortening 

the time duration. 

  The mean steering wheel angular 

velocity during LC is presented in 

Figure 4. The RMS of the steering 

angular velocity was significantly 

different under conditions of manual 

and haptic guidance assisting driving 

(F (6,652) = 24.39, p < 0.001). 

However, only the Strong group 

showed significance in increasing the 

RMSs of the steering angular velocity 

(Rapid: p < 0.001, Normal: p = 0.014, 

Gentle: p = 0.049). For the different 

IBHS methods, the two-way ANOVA 

revealed significance in changing the steering velocity among assisting torque (F (1,559) = 75.86, p 

< 0.001) and ΔTLC (F (2,559) = 26.84, p < 0.001). Significance also was found for the interaction (F 
(2,559) = 0.81, p = 0.002). This conclusion agrees with the duration changing tendency, as fast steering 

behaviors generally shorten the LC duration. 

 

(3) Adaptive haptic shared control via forearm sEMG measurement 

(a) Effect of adaptive haptic shared control on driver behavior and lane change performance 

  In the experiment, 10 participants drove under five conditions, as shown in Table 4, each with a 

different type of haptic guidance: (1) No haptic 

guidance (Manual), (2) haptic guidance with a 

strong feedback gain (HG-Strong), (3) haptic 

guidance with a normal feedback gain (HG-

Normal), (4) haptic guidance decreases when 

grip strength increases (HG-Decrease), and (5) 

haptic guidance increases when grip strength 

increases (HG-Increase). Data were 

statistically analyzed using one-way repeated 

measures ANOVA with the Fisher-Hayter Post 

Hoc test to determine whether there was any 

significant difference between the driving 

conditions.  

  The results shown in Table 5 indicate that the driver behavior, in terms of steering behavior, lane 

departure risk, and driver workload, was different between driving with adaptive authority haptic 

guidance and with fixed authority haptic guidance. A reduction in both lane departure risk and driver 

workload was found in the condition of HG-Decrease compared to manual driving and fixed authority 

haptic guidance. This outcome suggests the potential of the adaptive authority of HG-Decrease to 

improve driver-automation cooperation for a steering task. 

 

Figure 3. Lane changing duration time. 

 

Figure 4. Steering wheel angular velocity when shifting. 

 

Table 4. Experimental conditions with different 

types of haptic guidance 

 

Table 5. Means and standard deviations of the dependent measures of driver behavior  

 



  To further test the adaptive steering system, a haptic interface with adaptive stiffness based on 

forearm muscle activity measurement was designed in a real-vehicle experiment. By referring to the 

conditions in the driving simulator experiment, there are two types of adaptive stiffness: steering 

stiffness decreases when grip strength increases, and steering stiffness increases when grip strength 

increases. The condition of fixed stiffness was conducted as a comparison. Steering wheel angle and 

vehicle position were measured to evaluate the driving performance. Significant difference was not 

found between the adaptive steering stiffness and fixed steering stiffness (data now shown), as the 

currently designed lane change task did not induce greater risk. Future study with a more demanding 

driving task should be conducted. 

 

(b) Effect of adaptive haptic shared control on distracted driver behavior  
In the experiment, 18 participants drove under six conditions for a double lane change task as shown 

in Table 6. Two driver states were considered: attentive and distracted. For each state, there were three 

types of haptic guidance: manual steering or HG-Non, HG-Fixed (haptic guidance with fixed 

authority), and HG-Adaptive (haptic guidance with 

adaptive authority). The steering wheel torque 

provided by the adaptive haptic guidance was real-

time computed based on the normalized sEMG 

value. 

  Figure 5 and Table 7 show the results of the 

lateral error at the end of the first lane change. 

Pairwise comparisons indicated that for the 

attentive condition, the lateral error was significantly 

higher for manual steering than for HG-Fixed with p 
< 0.05 and tended to be higher for HG-Adaptive with 

p < 0.1. The lateral error for distracted was 

significantly lower in the case of HG-Fixed than in 

manual, where p < 0.05; HG-Adaptive was 

significantly lower than HG-Fixed (p < 0.01). 

Furthermore, HG-Adaptive tended to be significantly 

lower than HG-Fixed with p < 0.1. This indicated 

that, for distracted drivers, HG-Adaptive yielded a 

greater reduction in the lane departure risk than that 

of HG-Fixed and manual steering. 

  The results of the driver workload assessed by the 

NASA-TLX are shown in Figure 6 and Table 7. With 

the pairwise comparisons, the overall driver workload 

for distracted was significantly higher than for 

attentive (p < 0.001). Moreover, for distracted, HG-

Fixed yielded a lower overall workload (p < 0.1), 

lower physical demand (p < 0.1), and lower effort (p < 

0.1), and HG-Adaptive yielded a lower temporal 

demand (p < 0.1). This indicates that the driver 

workload increased during the secondary task, and the 

haptic guidance system effectively reduced the 

workload of distracted drivers. 

 

Figure 5. Lateral error with respected to lane 

centerline at end of first lane change 

 

 

Fig. 1.  

 

Table 6. Experimental conditions 

 

 

Figure 6. Mean scores on NASA-TLX. 
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Table 7. Means and standard deviations of the dependent measures of driver behavior 
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