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高速场景自主换道运动规划开发

刘亮， MathWorks
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高速场景自主换道运动规划

Automated Driving ToolboxTM, Navigation ToolboxTM, Model Predictive Control ToolboxTM
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高速场景自主换道运动规划

基础部分

▪ 动机

▪ 运动规划框架

▪ 三个MATLAB函数
✓ referencePathFrenet

✓ trajectoryGeneratorFrenet

✓ dynamicCapsuleList

实现运动规划和控制

▪ 参考示例演示

▪ 高速场景自主换道规划架构

▪ 闭环控制算法

仿真测试

▪ 多场景的仿真

▪ 路网文件导入创建场景
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示例——Lane Change Maneuver (LCM) system

LCM初始版本

▪ 用户反馈

–关于功能可配置性和灵活性

–如何实现客户自定义？

trajectoryOptimalFrenet

Reference Path Generation

Coordinate Transform

Trajectory Generation

Feasibility Checking

Cost Evaluation

Collision Checking
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模块化架构实现自定义设计

LCM初始版本

trajectoryOptimalFrenet

Reference Path Generation

Coordinate Transform

Trajectory Generation

Feasibility Checking

Cost Evaluation

Collision Checking

referencePathFrenet

Reference Path Generation

Coordinate Transform

trajectoryGeneratorFrenet

Trajectory Generation

dynamicCapsuleList

Collision Checking

Feasibility Checking

Cost Evaluation

▪ 模块化架构
(灰色部分由客户自定义)

▪ 用户反馈

–缺乏可配置性和灵活性

–如何实现客户的自定义？
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模块化架构实现自定义设计

LCM初始版本 规划器更新
(MATLAB版本)

referencePathFrenet

Reference Path Generation

Coordinate Transform

trajectoryGeneratorFrenet

Trajectory Generation

dynamicCapsuleList

Collision Checking

Feasibility Checking

Cost Evaluation

▪ 模块化架构
(灰色部分由客户自定义)
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自主换道系统示例的演变

LCM初始版本 规划器更新
(MATLAB版本)

运动规划
(Simulink模型)

闭环仿真验证
(Simulink模型)

模块化架构

https://www.mathworks.com/help/releases/R2021a/driving/ug/highway-trajectory-planning-using-frenet-reference-path.html
https://www.mathworks.com/help/releases/R2021a/driving/ug/generate-code-for-highway-lane-change-planner.html
https://www.mathworks.com/help/releases/R2021a/driving/ug/highway-lane-change.html
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自主换道运动规划和闭环控制

referencePathFrenet

Reference Path Generation

Coordinate Transform

trajectoryGeneratorFrenet

Trajectory Generation

dynamicCapsuleList

Collision Checking

Feasibility Checking

Cost Evaluation

运动规划
(Simulink 模型)

闭环仿真验证
(Simulink模型)

https://www.mathworks.com/help/releases/R2021a/driving/ug/generate-code-for-highway-lane-change-planner.html
https://www.mathworks.com/help/releases/R2021a/driving/ug/highway-lane-change.html
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Frenet Space

自主换道运动规划示意图

Destination

Map

referencePathFrenet
Waypoints

global2frenet

egoGlobalState

Find MIOs

egoFrenetState

Terminal State 

Sampler

dynamicCapsuleList checkCollision
candidate 
ego
trajectories

mioGlobalStates

predicted
target

trajectories

mioFrenetStates

Optimal 
Trajectory

ego

MapInfo

Motion 

Prediction

terminalStates

Feasibility Check

Cost Evaluation

frenet2global

trajectoryGeneratorFrenet
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基于Frenet坐标系的轨迹规划

▪ 在Frenet坐标系下定义目标及
其相对于参考路径（道路或车
道中心）的轨迹。

▪ Frenet坐标系更直观的表示道
路位置，简化了车辆在弯曲道
路的轨迹规划。

𝑠𝐿

𝑠

𝑅 = 1/𝜅

0)(0,

𝜃

[𝑥 𝑦 𝜃]

Global States: 𝑥 𝑦 𝜃 𝜅 𝑣 𝑎

Frenet States: 𝑠 𝛿𝑠 𝛿2𝑠 𝐿 𝛿𝐿 𝛿2𝐿
• 𝑠 : Arc length

• 𝐿 : Perpendicular deviation from 

the direction of the reference path

reference path
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Frenet Space

自主换道运动规划示意图——referencePathFrenet

Destination

Map

referencePathFrenet
Waypoints

global2frenet

egoGlobalState

Find MIOs

egoFrenetState

Terminal State 

Sampler

dynamicCapsuleList checkCollision
candidate 
ego
trajectories

mioGlobalStates

predicted
target

trajectories

mioFrenetStates

Optimal 
Trajectory

ego

MapInfo

Motion 

Prediction

terminalStates

Feasibility Check

Cost Evaluation

frenet2global

trajectoryGeneratorFrenet
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referencePathFrenet

▪ referencePathFrenet拟合了一组平滑的，分段的，连续的曲线到一组[𝑥 𝑦] or 

[𝑥 𝑦 𝜃]形式的waypoints

▪ 将轨迹trajectories在笛卡尔坐标系与Frenet坐标之间转化 (frenet2global, 
global2frenet)

referencePathFrenet

𝑠𝐿

Path Points: 𝑥 𝑦 𝜃 𝜅 𝛿𝜅 𝑠
• 𝜅 : Curvature

• 𝛿𝜅 : Derivative of curvature

• 𝑠 : Arc length

Global States: 𝑥 𝑦 𝜃 𝜅 𝑣 𝑎

Frenet States: 𝑠 𝛿𝑠 𝛿2𝑠 𝐿 𝛿𝐿 𝛿2𝐿
• 𝑠 : Arc length

• 𝐿 : Perpendicular deviation from 

the direction of the reference path

𝑠

𝑅 = 1/𝜅

0)(0,

𝜃

[𝑥 𝑦 𝜃]

https://www.mathworks.com/help/releases/R2021a/nav/ref/referencepathfrenet.html
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Frenet Space

自主换道运动规划示意图——trajectoryGeneratorFrenet

Destination

Map

referencePathFrenet
Waypoints

global2frenet

egoGlobalState

Find MIOs

egoFrenetState

Terminal State 
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trajectoryGeneratorFrenet

▪ 通过求解4阶或5阶多项式来生成轨迹——满足在Frenet坐标系下相对于参考路
径的边界条件

trajectoryGeneratorFrenet

initState = [0 0 0 0 0 0];  % [S ds ddS L dL ddL]
termState = [50 0 0 3 0 0]; % [S ds ddS L dL ddL]

S = 50m

L = 3m

https://www.mathworks.com/help/releases/R2021a/nav/ref/trajectorygeneratorfrenet.html
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Frenet Space

自主换道运动规划示意图——dynamicCapsuleList
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Map
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Waypoints
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candidate 
ego
trajectories

mioGlobalStates

predicted
target

trajectories

mioFrenetStates

Optimal 
Trajectory

ego

MapInfo

Motion 

Prediction

terminalStates

Feasibility Check

Cost Evaluation

frenet2global

trajectoryGeneratorFrenet
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dynamicCapsuleList

▪ 管理基于胶囊型（capsule）的对象列表，用于碰撞检测

▪ 为什么使用Capsules?

– 自动的在矩形目标对象前后建立一个缓冲区

– 同时避免了矩形目标两边区域的膨胀

– 可以高效的计算碰撞检测

dynamicCapsuleList

0)(0,

𝜃

[𝑥 𝑦 𝜃]
Vehicle

Radius

Length

Dynamic Capsule

ID:

States: [𝑥 𝑦 𝜃]
Geometry: Radius

Length

FixedTransform

https://www.mathworks.com/help/releases/R2021a/nav/ref/dynamiccapsulelist.html
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dynamicCapsuleList

▪ 使用dynamicCapsuleList检测自车与障碍物之间的碰撞

dynamicCapsuleList

ego
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高速场景自主换道的运动规划

基础部分

▪ 动机

▪ 运动规划框架

▪ 三个MATLAB函数
✓ referencePathFrenet

✓ trajectoryGeneratorFrenet

✓ dynamicCapsuleList

实现运动规划和控制

▪ 参考示例演示

▪ 高速场景自主换道规划架构

▪ 闭环控制算法

仿真测试

▪ 多场景的仿真

▪ 路网文件导入创建场景
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高速场景自主换道规划测试框架

Scene

Target 

vehicles

Map data

Planner 

Configuration 

Parameters

Metric 

assessment

Visualization
Highway Lane 

Change Planner
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Frenet Space

高速场景自主换道运动规划示意图

Destination

Map

referencePathFrenet
Waypoints

global2frenet

egoGlobalState

Find MIOs

egoFrenetState

Terminal State 

Sampler

dynamicCapsuleList checkCollision
candidate 
ego
trajectories

mioGlobalStates

predicted
target

trajectories

mioFrenetStates

Optimal 
Trajectory

ego

MapInfo

Motion 

Prediction

terminalStates

Feasibility Check

Cost Evaluation

frenet2global

trajectoryGeneratorFrenet
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高速场景自主换道运动规划

Find MIOs
Motion

PredictionreferencePathFrenet
Terminal State 

Sampler trajectoryGeneratorFrenet

global2frenet dynamicCapsuleList

checkCollision
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高速场景自主换道运动规划:  终点状态

Maneuver ModeFind Preferred Lane

Cruise Control

Lead Car Following

Lane Change

Terminal
States

Ego 
Frenet 
State

MIO 
Frenet 
States

Map 
info

✓

✓

✓

✓
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优选车道和机动模式

1

2

3

1

2

3

1

2

3

ego

unsafe target  (𝑇𝑇𝐶𝑒𝑔𝑜−𝑚𝑖𝑜 < 𝑇𝑇𝐶𝑠𝑎𝑓𝑒)

safe target (𝑇𝑇𝐶𝑒𝑔𝑜−𝑚𝑖𝑜 ≥ 𝑇𝑇𝐶𝑠𝑎𝑓𝑒)

Terminal Frenet States

𝑠 𝛿𝑠 𝛿2𝑠 𝐿 𝛿𝐿 𝛿2𝐿

𝑠𝐿

Frenet States: 𝑠 𝛿𝑠 𝛿2𝑠 𝐿 𝛿𝐿 𝛿2𝐿
• 𝑠 : Arc length

• 𝐿 : Perpendicular deviation from 

the direction of the reference path

reference path

Cruise Control Mode 𝑁𝑎𝑁 𝑉𝑠𝑒𝑡 0 𝐿𝑒𝑔𝑜 0 0

Lead Car Following Mode 𝑁𝑎𝑁 𝑉𝑙𝑒𝑎𝑑 0 𝐿𝑒𝑔𝑜 0 0

Lane Change Mode
𝑁𝑎𝑁 𝑉𝑒𝑔𝑜 0 𝐿𝑙𝑒𝑓𝑡 0 0

𝑁𝑎𝑁 𝑉𝑒𝑔𝑜 0 𝐿𝑟𝑖𝑔ℎ𝑡 0 0

𝑉𝑙𝑒𝑎𝑑

𝑉𝑒𝑔𝑜

𝑉𝑒𝑔𝑜

𝑉𝑠𝑒𝑡

𝐿𝑙𝑒𝑓𝑡

𝐿𝑟𝑖𝑔ℎ𝑡

Unrestricted longitudinal position

→ use 4th-order polynomial

where 𝑇𝑇𝐶 = Time-to-collision
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高速场景自主换道运动规划

trajectoryGeneratorFrenet

Cost Evaluation

dynamicCapsuleList

checkCollision

Terminal
States

✓

✓

✓

Optimal
Trajectory

Candidate
ego

Trajectories

Feasibility Check

Predicted
Target

Trajectories
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示例——如何寻找最优轨迹

Infeasible trajectory

(excessive yaw rate) 

unsafe

Candidate trajectories

with higher cost

safe
safe

safe

unsafe

unsafe

Preferred lane = 3

Optimal trajectory 

with min costPredicted target trajectories using 
dynamicCapsuleList

Colliding 

trajectories

Optimal trajectory
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高速自主换道 : 闭环仿真系统

Lane

Change 

Planner

Lane 

Change 

Controller

规划配
置参数

车辆动力学

指标评估

可视化

感知与环境
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Lane Change Planner

换道策略——规划

Optimal trajectory

→ Reference trajectory

(virtual lane center)

Trajectory

Generator

𝑥

𝑦

Reference 

trajectory

Reference point

[𝑥𝑘 , 𝑦𝑘 , 𝜃𝑘 , 𝜅𝑘 , 𝑣𝑘]

Lateral 

deviation

𝜃𝑘

𝑡𝑘

𝑣𝑘
Yaw angle 

deviation (∆𝜃)
Path

Analyzer
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Lane Change Planner

Optimal trajectory

→ Reference trajectory

(virtual lane center)

Trajectory

Generator

Path

Analyzer

换道策略——规划+控制

Lane Change Controller

Acceleration

Steering 

Angle

Curvature

Lateral Deviation

Relative Yaw Angle

Set velocity

Path 

Following 

Controller

(Adaptive 

MPC)
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高速场景自主换道运动规划

基础部分

▪ 动机

▪ 运动规划框架

▪ 三个MATLAB函数
✓ referencePathFrenet

✓ trajectoryGeneratorFrenet

✓ dynamicCapsuleList

实现运动规划和控制

▪ 参考示例演示

▪ 高速场景自主换道规划架构

▪ 闭环控制算法

仿真测试

▪ 多场景的仿真

▪ 路网文件导入创建场景



2929

针对规划策略的多场景仿真测试
Scenarios

in straight road

Scenarios
in curved road

Scenarios
imported from HD map
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仿真场景14：scenario_LC_14_DoubleLaneChange_Ushape
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避免与前方静止车辆碰撞

Disable
car

unsafe

unsafe

• 检测静止车辆
• 存在unsafe目标，换道轨
迹相当激进的corner case

unsafe

• 换道过程中存在碰撞危险

• 再次采取换道策略以避免碰撞

unsafe
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闭环系统仿真场景: scenario_LC_15_StopnGo_Curved
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高速场景自主换道运动规划

基础部分
▪ 动机

▪ 运动规划框架

▪ 三个MATLAB函数
✓ referencePathFrenet

✓ trajectoryGeneratorFrenet

✓ dynamicCapsuleList

实现运动规划和控制

▪ 参考示例演示

▪ 高速场景自主换道规划架构

▪ 闭环控制算法

仿真测试

▪ 多场景的仿真

▪ 路网文件导入创建场景
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总结：关键信息

▪ 演示了如何设计和仿真测试高速自主
换道策略

▪ 参考示例提供了自主开发和测试换道
策略的良好框架

▪ Navigation and Automated Driving 

Toolbox 提供了高速自主换道策略主
要的函数

规划器代码生成 闭环系统
+ MPC控制
+ 车辆动力学

Automated Driving ToolboxTM

Navigation ToolboxTM

Model Predictive Control ToolboxTM

referencePathFrenet

trajectoryGeneratorFrenet

dynamicCapsuleList

https://www.mathworks.com/help/releases/R2021a/driving/ug/generate-code-for-highway-lane-change-planner.html
https://www.mathworks.com/help/releases/R2021a/driving/ug/highway-lane-change.html
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