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Abstract Human-machine cooperative driving is a human-machine hybrid enhancement technology that
cooperates with the human driver and the assistance system to drive the vehicle. It can give full play to the
respective advantages of the driver and the assistance system. The human-machine cooperative control is divided
into lateral human-machine cooperative control and longitudinal human-machine cooperative control. In this paper,
longitudinal human-machine cooperative control is summarized and analyzed from two aspects of driver braking
behavior modeling and longitudinal human-machine cooperative control method. Firstly, the driver state monitoring,
driver braking intention recognition and driver braking behavior modeling are analyzed. Then, the longitudinal
human-machine cooperative control is systematically analyzed and discussed from three aspects: braking system
which can be used for longitudinal human-machine cooperative control, only longitudinal human-machine
cooperative control, and longitudinal and lateral human-machine cooperative control. Finally, the recommendations
for future research directions are prospected from the longitudinal driving characteristics of the driver considering
the impact of lateral motion and regenerative braking, the driver-vehicle-environment oriented human-machine
cooperative control of composite braking, coupling relationship of longitudinal and lateral human-machine
cooperative system and situation evaluation of the safety of the intended functionality, and the longitudinal and
lateral coordinated control strategy of the human-machine cooperative system.

Index Terms Longitudinal control, braking intention, braking system, human-machine, cooperative control

. Introduction

With the continuous increase in the number of vehicles, road traffic safety has become a great social and public
concern.[1] Statistics reveal that road traffic accidents claim the lives of over millions of people and cause tens of
millions of injuries and substantial economic losses worldwide each year.[2], [3] Human errors—such as unsafe
driving practices, fatigue, negligence, and illegal driving—are the leading cause of traffic accidents. The rapid
development of intelligent vehicle technologies, including driver assistance and autonomous driving, offers
promising solutions to mitigate this issue. The driver assistance system can help the driver deal with frequent and
complex manipulations to improve the driving safety of the vehicle. Experts, scholars, and industry leaders believe
that autonomous driving technology has great potential to fundamentally reduce the incidence of traffic accidents
and liberate drivers from the demands of manual driving.[4], [5]

In recent years, the rapid development of information, sensing, and artificial intelligence technologies has
significantly driven advancements in autonomous driving. In 2014, the Society of Automotive Engineers (SAE)
established a classification standard for autonomous driving technology to create uniformity in management and
oversight, categorizing it into six levels from LO to L5 based on the extent of control and the driving environment.[6]
On March 9, 2020, the Ministry of Information Technology released the "Automobile Driving Automation
Classification" standard, which aligns with China's current development status.[7] This classification system also
consists of six levels, ranging from 0 to 5, based on the allocation of driving automation systems responsible for
performing dynamic driving tasks and the limitations of design operating conditions. Level 5 represents fully
autonomous driving, a goal that remains challenging to achieve in the near future due to technical, financial,
infrastructural, and regulatory constraints. This paper focuses on human-machine cooperative driving from levels 0
to 4, where the driver still plays a role in vehicle control, in contrast to level 5, which denotes full autonomy (see Fig.
1).

Human-machine cooperative driving is a hybrid enhancement technology that integrates human and machine
capabilities.[8] It can not only take advantage of the exceptional perception, the standardized trajectory planning,
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and precise control of the assist system but also harness the ability of the driver to comprehend and adapt to the
complex scenarios to maximize the strengths of both parties. The driver's personal experience with autonomous
driving determines their willingness to engage in driving activities. In particular, the intervention of the driver
becomes common place when there is a lack of trust in the autonomous system during emergency driving
scenarios.[9] The ultimate goal of developing autonomous vehicle technology is to establish a more intelligent
driving system that enables drivers to seamlessly transition among manual driving, cooperative driving, and
autonomous driving. Therefore, human-machine cooperation is the focus of intelligent vehicle technology, relevant
both in the current phase of assistance driving and in the future when fully autonomous driving is achieved.

The ability of the driver to manage the vehicle primarily involves controlling lateral motion and longitudinal motion.
Based on the driver control actions, human-machine cooperative control is divided into lateral human-machine
cooperative control and longitudinal human-machine cooperative control (LHMCC) (see Fig. M). Lateral cooperative
control refers to the steering system where both the driver and the assist system cooperate to manage the vehicle,
sharing the control right to accomplish driving tasks such as lane keeping[10], lane changing [11], [12] and actively
avoiding collisions [13], [14] through a hybrid enhancement of the driver and the assist system. LHMCC involves a
braking system where the driver and an assist system work together to manage the vehicle. This system enables
shared control, facilitating cooperation between the driver, brake energy recovery, and assist braking through a
hybrid enhancement of the driver's actions.

The lateral and longitudinal human-machine cooperative control of the intelligent vehicle involves three parts:
environmental perception, driver behavior modeling, and control execution (see Fig. 1). The research on
environmental perception extends beyond individual intelligence systems, encompassing the identification and
orientation of other traffic participants, such as lane markings, [15] vehicle positions ,[16] and pedestrians.[17] This
field has attracted attention from various disciplines, including computing, automation, and artificial intelligence.
Many scholars have provided detailed overviews of sensor fusion techniques, methods for implementing fusion
perception, and the detection accuracy of different identification targets [18]-[20]. The research on driver behavior
modeling has mainly focused on driver steering behavior modeling. Wang et al. summarized the steering driver
model from the system structure of cooperative control [21]. Marcano et al. summarized the concept, categories,
algorithms, and technical status of the cooperative control system, analyzed the influence of the driver model on
the human-machine conflict of steering from the perspective of theory and application, and sorted out the
cooperative steering control methods based on the model and without the driver model [22]. Hu et al. conducted a
more detailed analysis and summary of driver state supervision, intention recognition, and driver steering behavior
modeling involved in lateral human-machine cooperative control, and put forward the technical difficulties of driver
steering behavior modeling in lateral human-machine cooperative control.[23] For the review research on human-
machine cooperative control execution, Wang et al. summarized intelligent assisted driving, human-machine driving
authority switching, and dynamic cooperative control of the human-machine system, but mainly focused on lateral
human-machine cooperative control. [23] De et al. [24], [25] and Roche et al. [26], [27] respectively studied the
take-over of human-machine driving rights from two aspects: the system initiative take-over and the driver initiative
take-over, and clarified the take-over timing of the system and the driver. Wang et al. analyzed and summarized the
human-machine takeover from three aspects: the task of the driver, the driving load of the driver, and the trust of
the driver for the autonomous driving system, and compared it with shared control.[28] Yang et al. discussed the
decision-making method of human-machine shared control from the objective risk assessment index and driver
factors, and analyzed the characteristics and application scope of direct and indirect shared control mode in detail,
but still focused on the lateral human-machine cooperative control. [29]
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Although many works of literature have been done on lateral human-machine cooperative control, there is no
paper to review and discuss the LHMCC comprehensively. Therefore, this paper provides an overview of the field
of LHMCC by analyzing and summarizing the related literature on the driver's braking behavior modeling, braking
system for LHMCC, only LHMCC, longitudinal and lateral human-machine cooperative control.

The contents of this paper are organized as follows. In the second section, the driver's braking behavior modeling
is presented, including driver status monitoring, braking intention recognition, and driver's braking behavior
modeling. The research status of LHMCC is analyzed and discussed in the third section, including the braking
system for LHMCC, only LHMCC, and longitudinal and lateral human-machine cooperative control. Finally, the
conclusion and perspective are made in the last section.

Il. Driver's braking behavior modeling

The driver and the human-machine cooperative control system are the two primary entities responsible for
controlling the motion of the vehicle. The driver's braking behavior significantly impacts the driving process. In
different braking scenarios, the longitudinal human-machine cooperative system needs to perform varied controls
according to the specific braking behavior. Therefore, to achieve safe and effective LHMCC, it is essential to conduct
state monitoring, braking intention recognition, and driver behavior modeling. The following sections elaborate on
these two aspects: driver braking behavior monitoring and intention recognition, and driver's braking behavior
modeling.

Il. A.Driver status monitoring and braking intention recognition

Il. A. 1)Driver Status Monitoring

Driver status is primarily classified into normal driving states and three types of abnormal driving states: fatigued
driving,[30] distracted driving,[31] and extreme abnormal driving.[32] The monitoring of these four driver states is
mainly conducted through direct and indirect monitoring methods. Direct monitoring involves obtaining signals that
directly characterize the driver's condition, such as head movement, facial expressions, eye movement,
electrocardiograph, or encephalogram, through sensors to assess the driver's state. Indirect monitoring, on the
other hand, infers the driver's state by acquiring vehicle operating parameters related to driving behavior. Monitoring
driver status is a part of both longitudinal and lateral human-machine cooperative control systems. The methods
and results of driver state recognition do not vary significantly between these two systems. The different driver
status monitoring and driver status monitoring methods have been analyzed and summarized in detail by many
scholars.[33]-[35] Therefore, this paper does not delve into the driver status monitoring.

Il. A. 2)Driver Braking Intention Recognition
Currently, the recognition of driver braking intention is primarily achieved by analyzing data from brake pedal sensors,
brake system pressure signals, wear sensor signals, and vehicle state parameters (see Fig. 2). The research on
brake pedal sensor data analysis focused on using pedal displacement and pedal speed to monitor driver braking
behavior. Yu et al.[36] analyzed the advantages and disadvantages of various parameters and their combinations
for driver braking intention recognition, concluding that brake pedal displacement is the most suitable parameter for
this purpose. Based on this, Ji et al. used pedal displacement and pedal speed as inputs to classify and recognize
low-intensity braking, medium-intensity braking, and emergency braking.[37] Yang et al. determined the ideal
braking pressure under different driver states based on fuzzy control rules of brake pedal travel and its rate of
change.[38] Given that this method has high recognition accuracy for emergency and medium braking but is less
accurate for gentle braking due to the subtle nature of brake pedal operations in the time domain, a clustering
recognition method based on the Hilbert-Huang transform of braking intention in electric vehicles was proposed by
Tang et al. [39] This method achieves accurate recognition of the medium and gentle braking intention. To further
improve recognition accuracy, Wang et al. designed an ensemble empirical mode decomposition algorithm to
decompose the brake pedal signal into intrinsic mode function components, which allows for more precise feature
extraction of the brake pedal signal. [40] It used sample entropy to extract the features of the intrinsic mode function
components from the filtered brake pedal signal, offering better real-time performance than the Hilbert-Huang
transform -based method. Additionally, by incorporating vehicle braking deceleration speed as a recognition
parameter along with brake pedal displacement and force data, Wang et al. proposed a braking intention recognition
method based on support vector machines, enabling accurate recognition of emergency braking, continuous
braking, and regular braking.[41] Zuo et al. designed an adaptive network fuzzy inference system to further enhance
the recognition accuracy of these three braking conditions.[42]

Regarding the recognition of driver braking intention using internal brake system pressure data, Wang et al.
employed fuzzy reasoning to identify driver braking intentions based on current brake master cylinder pressure and

its rate of change, categorizing braking intentions into regular deceleration and emergency braking.[43] Ye et al.
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introduced hydraulic brake pressure as a feedback parameter in addition to pedal data, achieving accurate
identification of slip braking, mild braking, moderate braking, and emergency braking, even in cases where brake
pedal intention recognition may be delayed or erroneous.[44] Recognizing braking behavior from the source can
improve the accuracy of braking behavior analysis, thus enabling more reasonable braking control for intelligent
vehicles.[45] Wang et al. analyzed the influence of collision urgency on the driver's collision avoidance behavior.[46]
Their results indicated that as the urgency level increased, drivers exhibited multi-stage braking behavior, requiring
more time to reach maximum brake pedal pressure.

Braking intention recognition using wearable sensors falls under pre-braking implementation detection, offering
certain advantages over methods based on brake pedal sensor data and internal brake system pressure.
Hernandez et al. recognized emergency braking behavior using brainwave signals from drivers.[g] Teng et al. and
Ju et al. proposed a method for classifying emergency braking intentions based on connectivity features derived
from electroencephalogram signals.[48], [49] This method can detect a driver’'s emergency braking intention
approximately 420ms after an emergency occurs. Liang et al. utilized deep learning to recognize drivers'
electroencephalogram signals, improving the recognition rate of emergency braking intentions.[50] Additionally,
surface electromyography of the driver’s lower limb muscles has been introduced as a recognition parameter for
emergency braking intention.[51] Qiao et al. used a support vector machine multi-classification algorithm based on
directed acyclic graphs, and a model was developed to recognize emergency braking intentions using
electromyography. Although this approach can reduce braking response time and improve overall braking
performance, the technology is still immature, reliability is low, and it is generally only used as supplementary
evidence in braking intention recognition.

Figure 2: Structure of driver's braking intention recognition

With the advancement of braking systems, an increasing number of parameters are available for recognizing
braking intentions, such as booster motor angle, booster motor speed, brake actuator displacement, and brake
actuator speed. How to effectively utilize these abundant braking system parameters to recognize the driver's
braking intention while accounting for the stochastic and time-varying nature of the braking process requires in-
depth research.

Il. B.Driver's braking behavior modeling

When the vehicle brakes, the driver acts as an executor, playing a decisive role in the vehicle braking process. In
the study of longitudinal human-machine cooperation, a critical problem is how to mathematically describe the
driver's braking behavior. The driver’s braking behavior model can help researchers understand the operational
laws and characteristics of the driver during braking, providing an important basis for the design of intelligent driving
systems. Additionally, the driver’s braking behavior model can be used for the simulation, testing, and evaluation of
intelligent driving systems, offering vital support for optimizing and improving such systems.
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Current research has clarified that the driver's braking process is divided into four parts: the reaction process, the
process of releasing the gas pedal, the process of pressing the brake pedal, and the sustained braking process.
Depending on the vehicle-road environment, the driver achieves a safe vehicle speed through sustained braking,
and the entire process is represented in the model by two mapping relationships: (1) from the vehicle-road
environment to vehicle speed or distance between the two vehicles; (2) from vehicle speed or distance between the
two vehicles to the brake pedal opening degree(see Fig. @). The study of the vehicle-road environment to vehicle
speed or distance between the two vehicles is mainly covered in the driver-following model. This model includes
both acceleration and braking components, where the braking component represents the mapping relationship from
the vehicle-road environment to vehicle speed in the driver-braking behavior model. Since Gazis et al. first proposed
the following-distance model in 1959,[@[] its accuracy has significantly improved with the continuous development
of related research. Current car-following models can be categorized into early models, advanced models,
technology application models, and data-driven models. Typical early models include the Gazis-Herman-Rothery
model (GHR model),[@ﬂ the Pipes model,[54] and the Greenberg model,[55] all of which establish a simple
functional relationship between the speed or acceleration of the vehicle, the relative distance or relative speed of
the vehicle in front, and the time interval. Advanced models, such as the Gipps model,[@ﬂ incorporate driver factors,
taking into account the driver's reaction time under different conditions and the maximum braking capacity during
emergencies. The intelligent driver model, proposed by Treiber et al in 2000, considers the driver's comfortable
acceleration and deceleration in various scenarios.[57], [58] As automotive technology has advanced, these models
have been optimized and adjusted based on actual vehicle dynamics and sensor characteristics, forming technical
application models applied to intelligent driving systems like adaptive cruise control.[@ﬂ With the advent of computer
technology, data-driven models based on vehicle-road environment data have emerged. These models utilize neural
networks,[60] deep learning,[61] and reinforcement learning[62] to construct predictive models of the vehicle-road
environment to speed variables derived from vehicle data. Theoretically, as long as the data samples used to train
the model are sufficiently large, a data-driven car-following model with high prediction accuracy can be obtained.
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Figure 3: Driver braking behavior model

The car-following model focuses on the kinematic relationship between the ego vehicle and the vehicle in front
and does not consider the response characteristics of the braking system, the dynamics, and the interaction
characteristics between the driver and the braking system. Regarding the research on the mapping relationship
from vehicle speed to brake pedal opening degree, Gao et al.[63]established a driver optimal pre-scan longitudinal
acceleration model by using the pre-scan following theory, the fuzzy decision theory, and the nonlinear system
descriptive function method, which takes into account the factors of driver hysteresis characteristics and nonlinear
characteristics of the vehicle dynamics system and reflects the driver's control behavior of the speed, which is

embodied as follows:

X 1+ThyS
o) = Gax = (1)
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where X is the longitudinal acceleration of the car and « represents the brake pedal travel, G,,can be understood

as the longitudinal acceleration gain of the car; T,,, and Ty, are two constants; and G,,, T,,, and T;, can be used to
identify the parameters by the autoregressive sliding model method.

Chen et al.[64] established a driver model that can reflect the driver's pre-scanning-following braking behavior on

the basis of analyzing the braking process, designed a driver-vehicle closed-loop control system model that contains

gain coefficients, pre-scanning time, and hysteresis time, and verified the reasonableness of the driver braking
model, which is embodied as follows:

F(p) = Arps + De W [LE) + Ly (©)] @)
+f [Aw(t) + B] dt
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where £ is the gain coefficient, 7, is the differential time,t, is the reaction time,L(t) is the expected value of
longitudinal displacement at the time of the driver, L,,(t) is the calculated value of longitudinal displacement of the
vehicle at the time t, and F(p) is the reference value of brake pedal force. A4 is the body pitch angle feedback gain
and B is the expected value of the driver's pitch angle during braking; w(t) is the pitch angle of the vehicle at the
time t. A(tps + D)e ™5[L(t) + L, (t)] is the driver's control module of pedal force according to speed.
fot[Aa)(t) + B] dt is the correction control module for the brake pedal force of the driver affected by the pitch angle.

This model combines 4(tps + 1)e "[L(t) + L,,,(t)] and fot[Aw(t) + B] dt to realize the tracking and correction
dual-loop control of the driver-vehicle model. In most of the pre-sight-following models, the driver's reaction time is
usually set as a constant parameter or a continuous parameter, which is not rigorous because the driver's reaction
time is different in different following situations and the driver's response to the motion of the front vehicle is not
continuous. Umair et al.[65]studied the calculation method of different driver reaction times during braking, and the
study showed that the accumulator model to assume the beginning of the driver's reaction can also well represent
the driver's intermittent reaction and the accumulator model was integrated into the vehicle following model in the
driver braking model to further improve the accuracy of the driver braking behavior model.

Considering the complexity of driver braking behavior, some scholars have used neural networks to characterize
the mapping relationship from the vehicle-road environment to brake pedal opening. Ren et al. established a deep
neural network model of the relative positions of two vehicles, the respective velocities of two vehicles, the
respective accelerations and swing velocities of two vehicles as inputs, and the moments of the accelerator pedal
action, the moments of the braking action, the accelerator pedal openings, and the brake pedal openings as
outputs.[66] This model was trained using data from an ADSL driving simulator, achieving end-to-end accurate
simulation of driver braking behavior.

With the development of new energy vehicles, braking energy recovery has become the standard of new energy
vehicles. And regenerative braking is also generated when braking energy recovery is enabled. However, many of
the current studies on driver braking behavior modeling do not consider the effects of regenerative braking. The
motor braking during brake energy recovery may alter the driver's braking habits due to the strong learning ability
of the driver, which adds challenges to modeling driver braking behavior. Moreover, several challenges, including
uncertainty modeling and complex system modeling, real-time requirements, prediction accuracy of the model, and
real-time performance of the algorithm, still need to be addressed to achieve truly effective driver braking behavior
modeling.

lll. Research status of LHMCC

With the development of braking systems, LHMCC has attracted the attention of many researchers in the past 45
years, from the introduction of the anti-lock braking system as the first active assistance system in 1978 to the
emergence of the intelligence driver system. The braking system is the core part of the longitudinal man-machine
cooperative control. Different braking systems have different ways of human-machine cooperative control.
According to the different longitudinal and lateral control, the LHMCC can be divided into only LHMCC and
longitudinal and lateral human-machine cooperative control. The following three aspects are elaborated from the
braking system that can be used for LHMCC, only LHMCC, and longitudinal and lateral human-machine cooperative
control.

lll. A. Braking system for LHMCC

According to the existing research, service brake systems can be divided into the traditional braking system
(including mechanical braking relying entirely on human and hydraulic braking), brake-by-wire (including electronic
hydraulic braking and electronic mechanical braking), and motor feedback braking system. The structure of the
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braking system is closely related to the human-machine cooperative control. In the following, the above three
braking systems are analyzed and discussed from the perspective of human-machine cooperative control.

Longitudinal Human-machine Cooperative Control of Intelligent Vehicle: A Review

lll. A.1) Traditional braking system

At the beginning of the emergence of vehicles, mechanical braking was used in the vehicle, and the braking energy
was completely derived from the human, and the whole process of braking was controlled by the human driver. The
vehicles of this period were of small mass, simple structure, and low speed. In the 1930s, as vehicles got bigger
and faster, mechanical braking systems could not meet the demand. With the help of external force-related booster
devices (such as the vacuum booster), the hydraulic braking system that transfers brake pressure through brake
fluid comes into being. The braking effect of the vehicle was mainly determined by the driver's input, and the braking
effect was greatly affected by the driver's state and road conditions. In this period, the hydraulic system in the
braking system only had the function of private service, and there were still problems such as long the braking
distance and uneven braking force distribution. The braking system did not change the power assist characteristics
due to the change of the vehicle state, the role of the braking system was completely dependent on the driver, and
there was no human-machine cooperative control, as shown in Fig 4.

In the late 1980s, to solve the problems existing in the traditional braking system, a new electronic brake and
centralized overall control of the electronic control unit (ECU) is used for brake system control, each brake has its
control unit, which provides the basis for the active control of the system.[67] ECU can assist the driver in operating
the vehicle better, and human-machine collaboration is preliminarily presented. The respective advantages of
human drivers and intelligent assistance control systems gradually became the focus of research. To solve the
problem that the wheels in the traditional braking system are easy to lock when the ground adhesion coefficient is
small, Wang et al. developed the Anti-locked-braking system (ABS) to realize the control of the wheel anti-lock by
controlling the brake oil pressure.[68] Under the action of ABS, the vehicle is always in the critical clearance rolling
state, and the slip rate is kept in the optimal range.[69] Since the 1990s, the concept of vehicle stability control has
been proposed. The electronic stability control system (ESC) analyzes the vehicle state information from various
sensors and then judges the driver's steering intention by collecting information on the steering wheel angle. The
driving force or braking force on the wheels is allocated to adjust the yaw motion of the vehicle to ensure the driving
stability of the vehicle.[70] In this period, the application of new technologies in vehicles has led to further
development of braking systems in terms of human-machine cooperation. The early structure of human-machine
cooperation has been preliminarily formed, and the braking safety and stability have been further improved, as
shown in Fig 4.
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With the continuous development of new energy vehicles and intelligent vehicle technologies, the vehicle braking
system needs to meet new requirements.[71] On the one hand, it is necessary for the braking system to realize the
decoupling between the pedal force and the wheel braking force, and maintain a good pedal feeling to realize the
braking energy recovery. It is also necessary that the braking system can realize the independent adjustment of
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four-wheel braking force with high precision and fast response. On the other hand, the braking system needs to
have an active braking function to adapt to the requirements of intelligent driving assistance systems such as
emergency braking.[72]

According to whether the hydraulic system is retained, the brake-by-wire is divided into Electronic Hydraulic
Brake (EHB) [73]and Electronic Mechanical Brake (EMB).[74] Among them, the realization difficulty of the electronic
hydraulic brake is low, and only some mechanical components in the traditional braking system are replaced by
electronic components, and the traditional hydraulic pipeline is retained.[75] When the wire control system fails, the
standby valve is opened, and the brake system returns to the traditional hydraulic brake system to realize brake
redundancy and ensure driving safety. The EHB system changes the way pressure is established, and the pedal
force no longer affects the braking force, which makes up for the shortcomings caused by the design and principle
of the traditional braking system, and has many incomparable advantages compared with the traditional braking
system. For the traditional braking system, the characteristics of system components may change after emergency
braking or long braking time, which affects the braking performance. And the traditional braking system can only
achieve the distribution of front and rear braking pressure to a certain extent. For the EHB control system, changes
in the mechanical properties of the components can be compensated by the control algorithm, and the braking
pressure level and pedal travel are always consistent. The EHB system can provide the most reasonable pressure
variation characteristics by analyzing the driver's intention and judging different braking behaviors. Because the
EHB system has a large degree of freedom in the four-wheel pressure distribution, the braking effect of the vehicle
on the road surface with different adhesion coefficients between the left and right is significant. The electronic control
unit of the EHB system can adjust the brake pressure according to the pedal movement speed and pedal travel
detected by the brake sensor. The control system can provide different pedal sensations to the driver by changing
the control algorithm and pedal sensation simulator according to different vehicle models and the analysis of the
driver's habits.[76] The active control characteristics of the braking pressure and the decoupling characteristics of
the driver and the brake pedal of the EHB system provide a good hardware foundation for human-machine
cooperative control.

At present, the EHB system is the mainstream line control scheme. The EHB is divided into One-box and Two-
box depending on whether the electronic stabilization system of the vehicle is integrated or not. The One-box
scheme integrates the electronic booster and the electronic stabilization system to make an integrated decision on
the vehicle braking. In Two-box, the electronic booster and the automotive electronic stability system are separated
to complete their respective functions independently, but the relationship between the two needs to be coordinated
during cooperative braking. Compared with Two-box, One-box has higher efficiency and lower cost, but it is not as
mature and reliable as Two-box.[77] From the structural point of view, One-Box only has one electronic control unit
and one brake unit, the number is half of Two-Box, and there is no need to coordinate the relationship between Two
brake units, which also brings lower cost. Due to the higher integration level, the One-box scheme can recover
energy more efficiently. From the perspective of decoupling degree, Two-Box can only achieve semi-decoupling of
pedaling. The One-box scheme can completely decouple the pedal input strength and the electric mechanism power,
support a more intelligent braking scheme, and is more conducive to the longitudinal man-machine cooperative
control. The use of the EHB system based on One-box provides a basic guarantee for the human-machine
cooperative control of the braking system. It has a human-vehicle-road framework to realize complex human-
machine cooperative control, and the braking safety and stability are greatly improved, as shown in Fig @

However, the integrated design is not conducive to meeting the redundancy requirements of high-level
intelligent driving functions, which require additional electronic redundant braking modules. In the intelligent driving
stage of L3 and below, EHB can better meet the system requirements. In the higher stages of intelligent driving,
human-machine interaction is closer, and the requirements for system response speed and control accuracy are
higher. The EHB system uses hydraulic as the braking energy source and has complex hydraulic control pipelines.
The generation of hydraulic pressure and electrical control have certain hysteresis, which makes it difficult to meet
the requirements of higher-level automatic driving.[78] The EMB system further reduces mechanical components
based on the EHB system. The brake hydraulic line is completely removed and the motor is integrated into the disc
brake. The EMB system controls the braking force of each wheel independently through the electric signal control
motor to achieve complete decoupling of the driver and braking system. Due to the high response speed and precise
execution of action for the brake motor, the EMB system is better suited for intelligent driving systems. The EMB
system improves the control accuracy of man-machine collaboration greatly because of the rapid response of the
terminal execution structure and the complete decoupling of the driver-braking system. The human-vehicle-road
framework for human-machine collaborative control is further optimized, and the braking safety and stability are
further improved, as shown in Fig ﬂ
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e
lll. A.2) Motor feedback braking system
With the development of intelligent and electric of the vehicle, braking systems are required to achieve braking
energy recovery to improve the fuel economy of vehicles.[79] Energy recovery is divided into coasting energy
recovery and braking energy recovery. The coasting energy recovery applies to the coasting condition when the
driver loosens the accelerator and does not press the brake pedal.[80] The reverse current generated by the motor
reversal is used to charge the battery, and the reverse drag torque of the motor can slow down the vehicle. When
the vehicle is in the process of coasting energy recovery, the motor generates feedback braking. Although there is
no interaction between the driver and the brake pedal, the feedback braking of the motor will affect the driver's
longitudinal control of the vehicle. Considering the comfort of the driver and passenger and the possibility of the
driver mistakenly stepping on the pedal when the vehicle is coasting, the research on feedback braking during
coasting energy recovery mainly focuses on the degree of feedback braking. Tesla gives the option of motor
feedback braking strength and adds a reminder to press the accelerator pedal deeply for long periods for drivers.[81]
The Volkswagen ID series vehicles offer three different modes of coasting energy recovery, which can be flexibly
selected according to the driving scenario and individual needs.[82] In addition, BYD, Dongfeng, JAC, and other
electric vehicles have set up the taxiing energy recovery selection mode.[83] According to the coupling relationship
between the feedback braking force and the friction braking force, the braking energy recovery system can be
divided into superposition type and coordination type.[84] The superposition braking energy recovery system
directly superimposes the motor feedback braking force on the original friction braking force, without adjusting the
original friction braking force, which is convenient to implement, but the feedback efficiency is low and the braking
feeling is poor.[85] The braking force of the superposition feedback braking does not need to be adjusted and can
be realized by the traditional hydraulic braking system. The coordinated braking energy recovery system gives
priority to the use of feedback braking force. The braking force is adjusted accordingly based on the braking system
with decoupled mode so that the sum of the two braking forces is coordinated with the total braking demand. The
feedback efficiency is higher and the braking feeling is better.[86] The cooperative feedback braking needs to make
use of the decoupling characteristics of the line control system to realize the cooperative control of the driver,
feedback braking system, and friction braking system. While maximizing the braking energy recovery and braking
efficiency of the vehicle, the vehicle comfort during braking is also guaranteed.[87] In the cooperative braking based
on EHB, the braking pressure is controlled by the hydraulic control system which is the key actuator for braking
energy recovery. The braking intention and demand are analyzed by the driver's pedal displacement and rate
obtained from the brake pedal signal. By controlling the feedback braking system and hydraulic actuator, the human-
machine cooperative control of the driver-feedback braking system-hydraulic braking system is realized.[88] The
coordinated braking based on EMB, in which the brake motor acts as the executive part of the friction braking, has
rapid braking and high braking energy efficiency. It has higher control accuracy when realizing the cooperative
control of the driver, feedback braking system, and motor braking system, which is the key research direction of
intelligent new energy vehicles at present.[89]

lll. B. Only longitudinal human-machine cooperative control
With the development of the braking system, in addition to passively executing the driver braking instruction, the
braking system can also realize the complex dynamic interaction of human-machine parallel control according to
the driver state, vehicle state, and driving environment. As shown in Table 1, The current research on the single
longitudinal human-machine cooperative system mainly focuses on the following two aspects:

(1) According to the human-vehicle state, the closed-loop cooperative control of the driver-brake system is studied
considering vehicle safety, economy, and comfort.

(2) According to the state of human-vehicle-road, the closed-loop cooperative control of the driver-braking system-
driving environment is studied considering the safety of the vehicle-road environment.

The following will be analyzed from the above two aspects.

lll. B.1) Cooperative control for driver-brake system
For the research of driver-brake system closed-loop cooperative control, the ABS based on hydraulic braking can
be regarded as the first application of human-machine cooperative control in longitudinal control. When the driver
continuously increases the braking force, the speed signal is used by the anti-lock system to calculate the wheel
slip rate, and the wheel slip rate is controlled by adjusting the braking pressure, so that the vehicle is always in the
clearance rolling state of critical lock.[90]

The anti-lock braking system controls the longitudinal motion of the vehicle with the driver in a minimally invasive
assisted intervention manner. With the development of braking systems and new energy vehicles, braking force
control and composite braking considering the driver's braking intention have received great attention from
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researchers, most of which focus on braking energy recovery, braking comfort, and braking safety, as shown in Fig
5.

For the research on human-machine cooperative control with braking energy recovery as the goal, divided the
driver braking intention into mild braking, moderate braking, and emergency braking for the dual-axle composite
braking system, and the regenerative braking force of the front and rear axles is adjusted during light and medium
braking.[91] The average braking energy recovery is increased by about 10%. Zhao et al. established the driving
intention identification model of double braking based on the hidden Markov theory, which could maximize the
recovery of braking energy under the premise of ensuring braking safety, and the energy recovery rate could reach
43.84% at low speed and slight braking.[92] Based on the driver braking intention, Xu et al. designed a braking
force distribution strategy in light and medium braking, which mainly uses regenerative braking, and with the
increase of braking intensity, the front axle mechanical braking intervenes first.[93] The braking energy recovery
rate of commercial vehicles is further improved while the braking performance is guaranteed. Considering the safety
of emergency braking, Li et al. adopted the classified control strategy.[94] In conventional braking, the braking
energy is recovered as much as possible without violating the driver's braking intention. In emergency braking, the
optimal slip rate control based on sliding mode is used to minimize the braking distance. To further improve the
energy recovery rate and braking performance of regenerative braking, based on the objective function determined
by using the identified braking intention and road information and the vehicle load estimated by the FRLS method,
the braking intensity and the constraints established by the road information, Ming et al. used an artificial ant colony
optimization algorithm to solve the optimal braking force distribution ratio.[95] The designed regenerative braking
control strategy significantly improves the energy recovery rate and effectively reduces the braking distance.

The variation of vehicle pitch angle during braking is one of the key indexes affecting ride comfort.[96] Most of
the researches on human-machine cooperative control aiming at braking comfort consider the variation of vehicle
pitch. Based on the maximum braking deceleration value determined by road conditions and driver comfort limits,
front and rear axle load, and center of mass position, Zhao et al. performed the ideal distribution of braking force on
the front and rear axles of the vehicle for non-emergency braking intention identified by pedal speed.[97] However,
the braking deceleration is restricted according to comfort, which will increase the braking distance, and there are
certain safety risks. Chen et al. proposed a vehicle optimal braking force distribution strategy based on slip rate,
driver's braking intention, and braking intensity, which realized the improvement of comfort under different braking
intentions.[98] In this strategy, the braking intention and braking intensity were output in real-time by the established
braking intention recognifier based on fuzzy logic. Taking advantage of the decoupling of the front and rear axle
braking forces of the EHB system, Zhao et al. designed a braking intention recognition method based on adaptive
neuro-fuzzy logic and proposed a comfortable control mode switching method for braking pitch angle to improve
the nodding phenomenon in the braking process, in which, the pitch angle comfort controller based on MPC is
designed for the early and middle period of braking and the late period of braking respectively, and the braking force
distribution of the front and rear axle and the total braking force are adjusted and output in real-time.[99] The
coupling interference between the anti-lock braking system and the active suspension system affects the braking
safety and braking ride of the vehicle. Zhang et al. utilized a robust comfort brake controller to comprehensively
adjust the braking torque of the front and rear wheels to achieve reasonable control of the vehicle pitch motion and
braking safety.[100]

The development of the braking system has brought different execution ways to the longitudinal control of the
vehicle. Most of the research on closed-loop cooperative control of driver-braking systems aiming at braking safety
has focused on anti-lock control. Since Two-BOX has a separate ESP control mechanism, the study of Two-Box-
based ABS is similar to that of traditional hydraulic braking systems. For the One-box and EMB, due to the fully
decoupled nature of the driver brake pedal force, the control system can achieve the ideal brake pressure control
of the wheel after the driver's braking intention is accurately identified. After the wheel braking force reaches the
maximum value, the control system is not affected by the brake pedal force that the driver continues to increase. At
present, the research on ABS of the brake-by-wire system is more focused on using different control methods to
improve the control effect, Researchers designed a control algorithm of redundant ABS based on sliding mode
control for the Two-BOX braking system, which can well realize the function of redundant ABS and improve vehicle
safety under the premise of ensuring braking strength and comfort.[101]-[103] For the One-box braking system,
Wang designed two anti-lock braking control strategies based on dual-power source time-sharing frequency control
and based on type II four-channel time-sharing control, respectively. The two proposed anti-lock control strategies
can meet the functional requirements of anti-lock braking. Based on the established EMB-based simulation model
of automotive ABS, Zhou et al. designed the sliding mode control system and verified the effectiveness of ABS
under various working conditions. [104]
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Figure 5: Cooperative control for driver-brake system

lll. B.2) Cooperative control of driver-brake system- driving environment

The safety of the autonomous vehicle and the traffic participants is the main consideration in the closed-loop
cooperative control of the driver-braking system-environment. From the perspective of driver intervention braking,
the research on driver-braking system-environment closed-loop cooperative control mainly focuses on braking
assistance and automatic emergency braking. In adaptive cruise control, the driver has full control over the braking
system. For cruise control, there is sovereign switching between the longitudinal control and the driver, and there is
no cooperative control.[105], [106] The cruise control is not analyzed and discussed in this paper.

The assist braking aims to ensure driving safety and smooth braking by reasonably controlling the braking force
of the vehicle based on the driver's braking status and the current traffic environment. Wang et al. used the extension
decision method to divide the dynamic safety boundary to solve the coordinated control problem between the driver
and the active braking system[107]. In coordinated braking mode, the driver's operation is compensated by the
active braking system, and the driver's operation is guaranteed while the risk of longitudinal collision is reduced.
This method can effectively avoid the longitudinal collision of vehicles, and improve braking smoothness and safety.
By fitting the effect of environmental risk and the driver's expected driving acceleration, He et al. proposed a flexible
control switching model based on strategy deviation for human-machine co-driving.[108] In the car-following state,
the driver's driving operation in dangerous scenes is corrected by the smooth switching of man-machine control
during the braking process, and the driving safety is improved. As shown in Equation (3), the assist braking is
activated only in dangerous situations for such methods. Based on this, Wang et al. established the improved
Seungwuk Moon safe distance model to obtain the ideal braking pressure by weighted summation of the expected
deceleration of the driver and the expected deceleration of the assist system.[109] Guo et al. designed a braking
control strategy to cover the driver's braking force for the freeway confluence scenario.[110] The final braking force
is calculated according to the driver's braking force and the ideal braking force of the automatic driving system. As
shown in Equation (4)), the calculated final braking force is used to directly cover the driver's braking force. However,
this coverage strategy has an impact on the driver's driving feeling and driving habits.

_ (f(xq) safe
Fo =Gy 2,) el 3)
Fy = f(Xq,Yp, 2¢) 4)

where F, is the ideal braking force, x, is the driver's braking state parameter, y, is the status parameter of the
braking system, and z, is the state parameter of the vehicle and road. Automatic emergency braking is the active
braking control according to the perceived environmental information when the driver does not perform braking
operations. The research on automatic emergency braking can be traced back to 1960 when Germany and the
United States began to study automatic emergency braking.[111] Until 1980, the rapid development of radar
technology and microcomputer technology promoted the decisive breakthrough of active collision avoidance
technology, and the active collision avoidance system began to develop rapidly.[112] In the 21st century, with the
further study of the active collision avoidance system by major automobile manufacturers and research institutions,
AEB with the sole goal of collision avoidance safety began to be assembled on various vehicles.[113]-[115] With
the development of AEB, avoidance security is no longer the only goal. Hu et al. proposed a hierarchical braking
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strategy for the active collision avoidance system based on TTC and self-vehicle speed, in which the modeling
method of the new hazard judgment index TTC was designed.[116] This method not only realizes safe active
collision avoidance but also improves the priority of driver control and the coordination of man and machine. In order
to further optimize the collision avoidance algorithm of automobile automatic emergency braking system, Hu et al.
designed a brake deceleration control strategy considering driving comfort.[117] The brake deceleration and its
change rate are limited by setting the brake deceleration change buffer, and the deceleration control curve that
meets the comfort condition is obtained, which meets the comfort condition while achieving safe collision
avoidance.[118] proposed an AEB control strategy based on different driving styles to effectively improve the
adaptability of the driver to the AEB system and enhance the braking comfort, considering the individual
requirements of drivers with different driving styles on the psychological expectations of AEB system intervention
timing and minimum safety distance.

Table 1: Only longitudinal human-machine cooperative control

Type Control authority Control objective References
Braking energy recovery [91,92,93,94,95]
Cooperative control for driver-brake system Dri;/;a;::ke Comfort [96’97’98'99’ 1 00]
Safety [101,102,103,104]
Driver-brake Safety and smooth
system braking [107,108,109,110]
Cooperative control of driver-brake system- driving Safety (111,112,113,
environment 114,1115]
Brake system
Smooth braking [116,117,118]

lll. C. Longitudinal and lateral human-machine cooperative control

The driver sometimes needs to perform steering and braking operations at the same time while the vehicle is
moving. In this state, different from the single longitudinal man-machine cooperative control, the longitudinal
man-machine cooperative control of the vehicle and the lateral control of the vehicle affect each other, and the
longitudinal and lateral mutual interference may bring adverse effects on vehicle safety. To further improve the
driving safety of vehicles, some scholars have studied the longitudinal and transverse human-machine
cooperative control. The current research on longitudinal and lateral man-machine cooperative control mainly
falls into the following two categories: (1) Assuming that the longitudinal speed is constant or the vehicle speed
is completely controlled by the driver. (2) The longitudinal velocity is jointly controlled by the driver and the
machine.

The first type of research on longitudinal and lateral human-machine cooperative control pays much
attention to lateral human-machine cooperative control. Researchers investigated the lateral human-machine
cooperation for lane departure prevention under the assumption that the vehicle speed is constant.[119]-[122]
In the longitudinal and lateral human-machine cooperative control , the vehicle speed is completely controlled
by the driver, the vehicle model with time-varying speed is established, and two safety envelope boundaries
are used to realize driver shared steering control.[123] Iwano et al. established a human-machine cooperative
obstacle avoidance assistance system, where the speed of the vehicle is completely controlled by the driver.
[124] In the human-machine cooperative control method of emergency braking collision avoidance proposed
by Wu et al., the multi-constraint model predictive control method is used to calculate the additional yaw torque
input by the driver to correct the excessive stress input by the driver.[125] The change in the longitudinal motion
state of the vehicle is matched by reasonable lateral man-machine cooperative control.

Different from the state that the speed of the vehicle is constant or the speed is controlled by the driver, the
vehicle sometimes needs to perform longitudinal and lateral cooperative control at the same time, and the
longitudinal motion state of the vehicle is controlled by the driver and the control system. In the second type
of research on longitudinal and lateral human-machine cooperative control, Li et al. applied the improved deep
neural network that learns the optimal driving strategy for pedestrian collision avoidance to the collision
avoidance scenario.[126] When the driving behavior of the driver is dangerous to pedestrians, the learned
driving strategy is used to control the speed and steering of the vehicle with a human driver to avoid colliding
with pedestrians. Based on the analysis of the acceptance and effectiveness of human-machine cooperative
control in the case of hidden risks, Saito et al. proposed a longitudinal human-machine cooperative control
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method based on risk prediction to deal with the potential risks in the avoidance process.[127], [128] When the
braking intensity applied by the driver is not enough in the avoidance process, there is a danger of collision
between the vehicle and the pedestrian, the vehicle speed is controlled by active braking to ensure safety.

The current research on the longitudinal and lateral human-machine cooperative control of the intelligent
vehicle mainly focuses on how to realize the longitudinal or lateral human-machine cooperative control, and
less involves the longitudinal and lateral human-machine cooperative control. Some studies consider the
longitudinal or lateral cooperative control separately, but the longitudinal or lateral man-machine cooperative
control affects each other. The safety of the intended functionality (SOTIF) issues that may be caused by the
coupling of the longitudinal and lateral human-machine cooperative control system and the unreasonable
operation of the driver have not been deeply discussed in the current research.

IV. Conclusion and perspective
Whether it is for assist driving or fully autonomous driving, human-machine cooperative control is a key focus for
intelligent vehicle technology. Although many scholars have carried out relevant research on the LHMCC of
intelligent vehicles from the aspects of driver status monitoring, braking intention recognition, modeling driver
braking behavior, and braking system that can be used for longitudinal human-machine cooperative, only
longitudinal human-machine cooperative and LHMCC in longitudinal and lateral human-machine cooperative
control, the current research scope and depth need to be expanded. In this section, the future research direction of
LHMCC of intelligent vehicles is discussed and prospected from three important aspects, aiming to encourage and
inspire researchers to propose more innovative technical ideas and schemes. The discussion and perspective are
as follows.

(1) Driver braking characteristics considering lateral motion of the vehicle and regenerative braking

In different driving scenarios, the driver has different driving behaviors, such as steering only, braking only,
simultaneous steering, and braking. The driver has different braking characteristics in different longitudinal and
lateral operating states. When the driver makes steering and braking at the same time, the steering and braking
affect each other and have certain relevance. However, the current research rarely considers the influence of the
driver's steering behavior on braking behavior. When there is an obstacle in front of the vehicle, the driver's operating
behavior will be different under different time to collision. The same driving behavior will show different effects in
different driving environments. The rational use of vehicle-road environment data is conducive to the accurate
recognition of driver braking behavior. In addition, the braking behavior of the driver can also be affected by
regenerative braking. The driver will show different braking states for the different intensity of regenerative braking.
The LHMCC of the intelligent vehicle is directly affected by the driver's braking behavior. Therefore, it is an important
aspect of human-machine cooperative control research of the intelligent vehicle to study the driver braking
characteristics considering the vehicle lateral motion and regenerative braking from the human-vehicle-road, realize
the accurate recognition of driver braking behavior, and establish a longitudinal driver model suitable for intelligent
vehicle.

(2) Human-machine cooperative control of composite braking for driver-vehicle-environment

Regenerative braking has become a key means to improve the economy of intelligent vehicles. When the driver
presses the brake pedal, regenerative braking and brake-by-wire provide braking force. In different driving
environments, the proportion of braking force provided by regenerative braking and brake-by-wire control should
also change with the driver's braking intention and braking intensity. However, most of the current researches on
composite braking control aiming at braking energy recovery and braking comfort only consider the state of the
driver and the vehicle. In addition, the braking system based on EMB has become an important research direction
for intelligent vehicles, and the application of ABS control based on EMB with the goal of braking safety is not yet
mature. Therefore, it is a future research hotspot to realize the precise control of ABS and the human-machine
cooperative control of composite braking for driver-vehicle-environment based on the new line control system.

(3) Coupling relationship of longitudinal and lateral human-machine cooperative system and situation evaluation
of the SOTIF

There are many scenarios where the human-machine cooperative driving system plays a role. The longitudinal
and lateral human-machine cooperative control systems sometimes need to work at the same time. From the
perspective of the driver-vehicle, the different lateral and longitudinal driving behaviors of the driver will make the
lateral and longitudinal human-machine cooperative control systems affect each other, and the mutual interference
between the systems may bring adverse effects on the SOTIF. From the perspective of vehicle-road, the adhesion
force of the ground to the tire is easy to reaches the limit, and the lateral motion and longitudinal motion of the
vehicle show strong nonlinear coupling characteristics. The stability margin of the vehicle control system decreases
sharply, and improper control input can easily lead to vehicle instability and uncontrollable. The influence between
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lateral and longitudinal human-machine cooperative systems is closely related to the human-machine weight in the
lateral and longitudinal direction, the operating state of the driver, and the driving state of the vehicle. For example,
if the longitudinal human-machine conflict is minimized, the active braking system only plays a compensatory control
role in the longitudinal control of the vehicle. The driver braking state will affect the weight between the driver and
the steering system, and the lateral motion control of the vehicle from the driver should be adjusted according to
the longitudinal motion state of the vehicle. In addition, there is the problem of evaluating the situation of the SOTIF
in this state. When the driver's braking behavior exceeds a certain threshold, the change of the lateral man-machine
weight may also not ensure the safety of the vehicle in collision avoidance. Particularly, when the adhesion of the
ground to the tire is close to the limit, the influence between the lateral and longitudinal human-machine cooperative
system of the vehicle is more obvious under the nonlinear coupling of the lateral and longitudinal motion of the
vehicle. Therefore, based on considering the driver operating state, the lateral and longitudinal human-machine
weight, and the vehicle driving state, the coupling relationship of the lateral and longitudinal human-machine
cooperative system is analyzed and the situation of the SOTIF is evaluated, which can provide an accurate basis
for the lateral and longitudinal coordinated control of the human-machine cooperative system of intelligent vehicles.
This is an important aspect of the research on human-machine cooperative control of intelligent vehicles.

(4) Longitudinal and lateral coordination control for human-machine cooperative system

Human-machine cooperative system is a complex dynamic system with coupling, nonlinear multi-input, and multi-
output. The vehicle-moving target can be decomposed into longitudinal and lateral moving targets. For different
operating states of the driver, the longitudinal and lateral moving targets of the vehicle and the distribution of man-
machine driving rights will change. In emergency avoidance, it is necessary to balance the driving safety and the
control authority of the driver in the longitudinal and lateral, reasonably allocate the longitudinal and lateral moving
targets of the vehicle and the human-machine driving authority, and adopt effective coordinated control strategies
before the harm occurs to reduce the adverse effects caused by the mutual interference of the longitudinal and
lateral man-machine collaborative system. The current research rarely deals with the longitudinal and lateral
coordination control of the human-machine cooperative control system.

Therefore, it is of great significance for human-machine cooperative driving to study the longitudinal and lateral
coordinated control strategy of the human-machine cooperative system under different human-machine control
states of drivers, timely and effectively change the motion state of the vehicle, and improve the safety of vehicle
avoidance.
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