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Path planning and decision making in a highway exit situation
GUDRUN DOVNER

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Vehicle automation is an area where a lot of investments are currently made. Several
driving assistance systems are already in place in many modern vehicles but more
and more research is done to eventually achieve fully autonomous vehicles. Part of
the automation is to calculate the optimal behaviour of the vehicle in every possible
scenario. This thesis focuses on the scenario where a lane change must be made on
a highway in order to take an exit. This requires decision making on a target lane
and calculations of smooth paths. The proposed controller structure is divided into
three parts: analysing the situation, planning the path for each possible action and
comparing the calculated paths to choose the best one. This is done in a model
predictive control framework where at each time two actions are evaluated: to stay
in the current lane or to move into the adjacent lane. Simulations were done in
Matlab and showed that the proposed controller generates smooth and safe paths
when possible and is able to make decisions based on the current traffic situation.
The implemented controller also shows good prospects to be fast enough for a real
time implementation in an actual vehicle. Due to the fact that the method includes
many tuning parameters it can be used for many purposes: for example to maximise
energy efficiency in the control of a vehicle or to mimic the behaviour of different
human drivers for prediction and simulation purposes.

Keywords: autonomous driving, path planning, decision making, optimisation,
model predictive control, lane change, highway exit
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1

Introduction

During the past few years there has been a surge towards increased automated
driving. Many driver assistance systems are already implemented in newer vehicles,
such as adaptive cruise control [3,4], collision avoidance systems [4, 5] and lane
keeping assistance [6, 7], but much research is also done to eventually achieve fully
autonomous vehicles [8-10].

A large number of traffic accidents or incidents today are due to human factors such
as fatigue, inattention, risk taking and aggressive driving [11]. Increasing driving
automation could thus lead to a great improvement in road safety [12]. Also energy
efficiency could be much improved by introducing autonomous driving [13]. For
example vehicle to vehicle or vehicle to infrastructure communication can help plan
the speed to minimise braking. Autonomous vehicles also have the possibility to
perform more complex calculations on energy optimisation than a human driver
could.

To achieve full autonomy is very complex as it requires the driving to be energy
efficient and guarantee safety in every seen and unforeseen situation. This puts
high demands on both software and hardware. Sensors and signal processing must
be in place to gather information about the surroundings and the best way to act
on that information must then be determined for every possible scenario. Many
aspects must be taken into consideration when planning the optimal path; safety,
traffic regulations, energy efficiency and driver comfort are some of those aspects.
A number of scenarios have already been researched, for example calculations of the
optimal path in an overtaking situation [14,15], lane change manoeuvres [16-18] and
intersections [19].

Highway driving is one area where automated driving is upcoming. A highway is a
very controlled environment where the traffic is rather predictable since there are
e.g. no pedestrians, traffic lights or intersections and since all traffic travels in the
same direction. A highway is in general also relatively straight and well maintained
with clear lane markings. It is also an environment where much can be gained
by introducing automated driving: vehicles travel at high speeds making accidents
severe, they also often travel long distances increasing the risk of driver inattention
and fatigue. Therefore, a lot of research has been made specifically for highway
scenarios.

Many methods have been proposed for automated driving. For example graph based
search methods are common [20,21]. The advantage of the graph search methods
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1. Introduction

is that it is possible to evaluate a lot of different actions, the downside is that
they require a significant amount of memory. Another common approach for path
planning is to use a Model Predictive Control (MPC) framework [14,16-19,22-24].
In MPC a motion model is used to define a constrained optimal control problem
that is solved over a receding horizon.

In an MPC approach, convex optimisation is often used because it is easier to
solve than non-convex problems and guarantees that the optimal solution is found,
assuming that the problem is feasible. One main difficulty is thus to define the
constraints such that the problem becomes convex. In for example [14,17,22,25] a
few different ways of defining collision avoidance constraints are presented. In [17]
they are defined by constraints on the time to collision, in [22] instead the distance to
the surrounding vehicles are constrained using ramp barriers, in [14] a box constraint
is used to constrain the distance to the leading vehicle and in [25] it is shown how
safety critical zones can be defined with miscellaneous shapes.

1.1 Purpose

The purpose of this master’s thesis is to develop a method for decision making
and path planning in a highway exit situation. The aim is to develop a decision
making and path planning algorithm where different actions are weighted to decide
the optimal planned longitudinal and lateral motion. The decision should be based
on a need to, if possible, perform the lane change before the exit, on reference
tracking, energy efficiency and comfort. The resulting algorithm is meant to be
used to control an ego vehicle and/or to be applied to all surrounding vehicles in
order to do predictions and simulations.

The case considered is where a lane change must be made on a highway in order
to take an exit, the exit could be either to the left or to the right. An exit to the
left could be in a situation where the road splits in two and it is desired to take the
road to the left. The problem can thus be formulated as switching to a reference
lane before a certain point (the exit). The manoeuvre must be made to guarantee
safety and that traffic rules are followed, the vehicle dynamics must also be taken
into consideration.

1.2 Delimitations

The scope is limited to a straight, flat highway with two lanes of equal width. That
the scope is limited to a highway means that following assumptions can be made:
traffic flows in the same direction on both lanes, no pedestrians or bicycles are
present and there are no intersections or roundabouts ahead. It is assumed that
information about the position, velocity and acceleration of all surrounding vehicles
as well as the road geometry are known by sensor data already filtered and fused.

The entire control problem can be divided into a route planner, a high level path
planner and a low level controller as in [23]. The route planner decides on which
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1. Introduction

route to take and the optimal speed over the entire trip, the high level path planner
determines the short term optimal path in the given situation while the low level
controller makes sure that the vehicle follows that path. Here it is assumed that
the route planner and low level controller are available, this thesis instead focuses
on the high level path planner.

In summary, the following assumptions are made
Al. Highway with two lanes of equal width.
A2. The road is straight and flat.

A3. The exact position, velocity and acceleration of the ego vehicle as well as the
surrounding vehicles are known by perfect sensor data.

A4. A low level controller is available that can make sure that the vehicle follows
the chosen path.

A5. A route planner is available that provides a reference speed and direction on
which exit to take.

A6. None of the surrounding vehicles change lane, they can however change their
position inside the lane.

1.3 Outline

The report is structured as follows. In Chapter 2 some terminology and the models
used are presented, the problem formulation is stated as well. In Chapter 3 the
overall solution design is described. The two major parts of the solution, path
planning and decision making, are then presented in Chapters 4 and 5 respectively.
Simulation results are presented in Chapter 6. A discussion about the performance
and possible future work is provided in Chapter 7. Finally, a conclusion is presented
in Chapter 8.
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Preliminaries

This chapter first presents some definitions that are used in the report. Then the
vehicle and environment model as well as the problem formulation is presented.

2.1 Terminology

Some definitions and notations will be used throughout the report, these are ex-
plained here.

2.1.1 Vehicle notations

Definition 1. The ego vehicle, short E, is the vehicle to be controlled. The index
E always means a property or state connected to the ego vehicle.

Even though many surrounding vehicles are used in simulations and will be present
in reality, only three are used to place constraints in the path planning. Hence, only
these three will be named, they are denoted S; with j7 = 1,2,3. The numbering of
the vehicles is pictured in Figure 2.1. States and properties for surrounding vehicles
are indexed with their number only, e.g. x; denotes the longitudinal position of
vehicle S;. If one of 5; is missing a virtual vehicle placed far away driving at the
reference speed is used instead.

2.1.2 Coordinate system

A local coordinate system based on E’s initial position at each iteration is used, see
Figure 2.1. The coordinate system has the x-axis in the longitudinal direction, i.e.
along the road. The y-axis is in the lateral direction, i.e. starting from the edge of
the rightmost lane and going across the road. The origin is placed at the rightmost
edge of the road at the longitudinal position of E. The reason the origin is placed
at the edge of the road instead of in E is that this way the constraints on lateral
position can be held constant with only the initial position of E changing between
time instances. It would however not add much complexity to instead place the
origin in the vehicle or to use a global coordinate system.

Definition 2. A vehicle’s position in the coordinate system is measured to the
middle of the vehicle’s front, shown with a white cross in Figure 2.1.
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Figure 2.1: Vehicle notation and coordinate system. In blue, marked with E, is
the ego vehicle, i.e. the vehicle to be controlled. The other three coloured vehicles
are noted by S;, 7 = 1,2,3 for surrounding. The leading vehicle in the same lane
as E is Sy, the leading vehicle, with a positive x position, in the adjacent lane is S,
and the vehicle behind E, negative x position, in the adjacent lane is S3. The black
vehicles are ones that will not be taken into account when planning the path. A
vehicle’s position is measured to the centre of the vehicle’s front as is marked with
a white cross.

2.1.3 Actions

As previously mentioned, the problem can be summarised as positioning the ego
vehicle in a reference lane before reaching a certain point on the road (the exit). In
this, two parts can be defined, decision making and path planning.

Definition 3. Decision making is to make the binary choice to position E either in
the left lane or in the right lane.

Definition 4. Path planning is to, given a target lane, calculate the sequence of
control signals that will generate the optimal path in terms of position, velocity and
acceleration.

For the given scenario, the possible paths can be divided into two types, lane change
and trailing. This results in two path planning problems.

Definition 5. A lane change is to switch from the lane E is currently positioned in
into an adjacent lane.

Definition 6. Trailing is to maintain the current lane and trail the leading vehicle
in that lane. If there is no leading vehicle a virtual leading vehicle is introduced.

2.2 Vehicle model

A point mass model is used to describe the vehicle dynamics of the ego vehicle.
This is a very simplified model but it is often sufficient and used widely because
of its simplicity and the lower computational complexity it gives compared to more
advanced models. The point mass model is commonly used in literature, see e.g.
[14,17,22,23]. In [24] the point mass model was used for path planning for a car on
a highway and it was shown that the more complex four wheel model was able to
adequately follow the path generated with the point mass model, proving that the
simple point mass model can in fact have real uses. It is in general good for simple
vehicles, such as cars or rigid trucks. However, for longer vehicle combinations, more
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2. Preliminaries

advanced models may be necessary, for example the single track model [26] or four
wheel model.

In the point mass motion model, it is assumed that the vehicle behaves as a point
mass, i.e. it has no orientation. States are the longitudinal and lateral position and
speed, xg(t) = [zr(t), ye(t), vE+(t), vE,(t)]T and the control inputs are the longitu-
dinal and lateral acceleration ug(t) = [ag.(t),ar,(t)]7. The vehicle dynamics are

thus given by

o= O O
_ o O O
—~
O
—_
~—

Vg (t) € [0, 055 ] (2.2a)
vy (t) € [VEy, VB ] (2.2b)
ap:(t) € lagy, agy] (2.2¢)
apy(t) € [agy,, agy’] (2.2d)

The lateral speed is also constrained by the longitudinal speed
Vg (t) € [—s, slvp.(t) (2.3)
where s comes from the maximum slip angle ensuring a path that E is able to

follow, [14,22].

No air or rolling resistance is used in the optimisation. Including that would lead
to additional, and more complicated, constraints on the velocity and acceleration.

2.3 Environment model

As assumptions Al. and A2. state, the environment is a straight and flat highway
with two lanes; a road section is shown in Figure 2.1. The only objects on the road
are vehicles driving in the same direction as E.

The road model contains lane width, distance to the exit, the reference lane from
which the exit can be taken and the speed limit. The speed limit here is defined as
the speed limit on the road in question for the ego vehicle specifically, i.e. it can
depend on whether E is for example a car or a truck. The lane width in itself gives
the total width of the road since it is assumed to have two lanes of equal width.

The road model places the following constraint on the lateral position, that E must
always stay on the road

7



2. Preliminaries

where wg is the width of the ego vehicle and wy is the lane width. The road’s speed
limit puts an additional constraint on the longitudinal speed. The constraint on
longitudinal speed can thus be defined as

UE,z (t) S [07 min(vgixy Uspeedlimit)]- (25)

2.4 Problem formulation

The problem is to find the control strategy that achieves the optimal lateral and
longitudinal path in the scenario where a lane change is required to enable E to take
a highway exit. The control problem is formulated as an MPC where the problem
is solved over a receding horizon. The optimisation is done with the objective to
position E in the reference lane and keep the reference speed while avoiding collision
with surrounding vehicles, respecting the traffic rules and respecting E’s physical
limitations. This can be formulated into the following optimisation problem to be
solved at every time instance

min  Objective function
path

s.t.  Vehicle dynamics, (2.1)
Vehicle constraints, (2.2), (2.3)

Collision avoidance constraints

(2.6)

Traffic rules

Initial state

where vehicle constraints are the physical constraints arising from the vehicle’s ca-
pabilities and traffic rules include speed limit and staying on the road.

The objective function in this case will be taking comfort, tracking of references,
energy efficiency and the destination into consideration. It can be defined as

ty
J() = Jexit(-) + /0 Vactuator(-) + ‘/tracking(-) dt (27)

where (.) denotes a function of the decision variables. Here Jo is the cost that rises
from the need to take the exit, Victuator includes comfort and energy efficiency and
Viracking 18 the cost that rewards keeping to the reference speed and lateral position.
Comfort includes minimising the acceleration in all directions as well as the lateral
velocity. Energy efficiency is here only taken into consideration by minimising the
longitudinal acceleration.

The main challenges are to define the path planning constraints such that the prob-
lem is convex while the constraints guarantee safety but are not too restrictive, to
design the decision making in order to make as good decisions as possible and to
design the complete controller structure. The method used can be seen as a de-
velopment of the method presented in [14, 15| where path planning and decision
making were done especially in an overtaking scenario but to some extent also in
the highway exit scenario.

8



3

Solution design

This chapter presents the proposed solution in general terms. First the solution
structure is presented and then each part is described.

3.1 Solution structure

The proposed solution is an MPC approach that includes three parts, situation
analysis, calculation of optimal paths and decision making. The structure can be
seen in Figure 3.1. The inputs to the controller is the information about the position
of the exit and sensor data that gives information about the surrounding vehicles
and road. The exit position includes the distance to the exit and from which lane
it can be taken. The sensor data should be processed to give position, velocity and
acceleration of all vehicles.

This information is sent to a situation analyst that evaluates the situation to set
constraints and references for the path planning. Using this, the optimal path for two
possible actions is calculated with model predictive control: making a lane change
into the closest gap or to stay in the current lane and trail the leading vehicle. The
paths are then compared in a decision manager that evaluates the paths and chooses
the best one. The first control signal is then applied to the vehicle.

3.2 Situation analyst

The situation analyst is the part where the information from sensor readings and
information about the exit is gathered and analysed. The sensor system should
provide a list of the surrounding vehicles as well as information about the road.
Also the current states of E is needed.

The situation analyst goes through the list of vehicles and identifies the ones of
importance, i.e. S1, So and S3, by checking the positions of the vehicles compared to
the position of E. The surrounding vehicles could come with a predicted movement
from another system, otherwise a prediction is done here, predicting the speed and
position of the vehicles in the entire prediction horizon.

It also evaluates the lateral position by comparing it to the lane for the exit, the
reference lane. This evaluation is used to determine appropriate references for lateral
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Controller
/ Calculate optimal Erajecﬁories\

Situation analyst RS

Sensor
readings

Information
about exit

Apply control signal

Vehicle [«

Figure 3.1: Structure of the algorithm. As input to the controller is sensor readings
and information about the exit, i.e. from which lane and at what distance. A
situation analyst then evaluates the situation and sets the constraints and references
for path planning. Then the optimal trajectories are calculated for the two actions in
a model predictive controller. The trajectories are then sent to the decision manager
that chooses the best action. The first control signal for that path is then applied
to the vehicle and the loop starts over.

position and longitudinal speed. For a lane change path the reference is always set to
be the centre of the adjacent lane and the speed limit, respectively. For the trailing
path, if the lane for trailing is the reference lane the lateral reference is the centre
of the lane and the reference speed the speed limit. If the lane for trailing is not the
reference lane then the same references are used when the exit is far away, when the
exit is closer the lateral reference is moved closer to the reference lane and when the
exit is closer still the reference speed will be to slow down.

3.3 Calculating paths

The optimal path for each lane is calculated using model predictive control. Input
to the path planning is information about the surroundings and the exit as well as
reference states and constraints. Using this, the optimal path both for positioning E
in the right and in the left lane are calculated, an example of two generated paths is
shown in Figure 3.2. These paths are then the output sent to the decision manager.
The problem formulation for both types of path planning problems, trailing and
lane change, is presented in continuous time in Chapter 4. The problems are then

10
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- = = Generated paths

N b~ O

o

Lateral position [m]

-50 0 50 100 150
Longitudinal position [m]

Figure 3.2: Example of the two paths generated in one iteration. One path that
leads to the left lane and one path that stays in the right lane.

transformed into discrete time using Euler’s first order discretisation.

3.4 Decision manager

The decision manager takes the two calculated paths and compares them to find the
best one. It uses the information about the exit and the previous choices together
with the state and input trajectories to compare and choose the optimal path. When
the optimal path has been chosen the first control inputs belonging to that path are
applied. The logic behind the decision making is presented in Chapter 5.

11
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4

Path planning

This chapter describes the path planning optimisation problems.

4.1 'Trailing

The trailing problem can at large be seen as an adaptive cruise control problem, i.e.
it is mostly a longitudinal problem. However, lateral control is also done to keep a
reference lateral position in the lane.

For this problem the only surrounding vehicle of any importance is the leading
vehicle, S;, assuming that no vehicles change lane into the gap between the leading
vehicle and the ego vehicle. The collision avoidance constraint is formulated as a
barrier where the longitudinal position of E is limited by the longitudinal position
of the leading vehicle, the ego vehicle should always keep a safety margin to the
leading vehicle. This is defined as

0 < 2g(t) < 21(t) — Ly(t) (4.1)

where Ly(t) = Iy + 07 (v’ —v12(t)) + 75vEL is the safety margin to be kept, Iy is the
length of Sy, 0 is the desired time gap to the vehicle in front and the term vafii
makes sure that at higher velocities the gap is held larger. The collision avoidance

constraint is pictured in Figure 4.1.

- - - Lateral reference —— Constraint from S,

N~ o

lateral position [m]
o

a
o

-40 -30 -20 -10 0 10 20 30 40 50
longitudinal position [m]

Figure 4.1: Lateral reference and collision avoidance constraint for the trailing
path planning problem. Only S; places a safety constraint.

The cost function is defined as
tf re
Jiraiting(XE(t), up(t)) = /0 |Ixe(t) — x5 (O[5 + |[us(t)|[5 dt (4.2)

13



4. Path planning

where P and @ are positive definite weight matrices and ||xg(t) x5 (8)[|% = (xg(t)—
N T P(xg(t) — xi5i()). The reference states are all zero except for the lateral
position and longitudinal velocity, these are set by the situation analyst, see Section
3.2.

The full optimisation problem to be solved is

II&iEIl Jiraiting (Xu(1), ug(t)) (4.3a)
s.t. Xxg(t) = Axg(t) + Bug(t) (4.3b)
zr(t) € [0,21(t) — Ls(1)] (4.3¢)
ye(t) € [wg/2, 2w, — wg/2] (4.3d)
vg(t) €0, vgﬁx] (4.3¢)
U,y (t) € [vﬁiyn, Elzx] (4.3f)
ap.(t) € lapy, agy] (4.3g)
ary(t) € [agy, agy] (4.3h)
vEy(t) € [=5, sJvpa(t) (4.31)
xg(0) = xpgo (4.3j)

where constraints (4.3b)-(4.31) are enforced for all ¢ € [0,].

4.2 Lane change

Two cases can be defined in the lane change situation that require different solutions
to the path planning. One is that the leading vehicle, S;, does not significantly limit
E’s movement, this is either when the leading vehicle is far away or when it drives
with a speed that is close to or faster than the reference speed. The other case is
when the leading vehicle is within the horizon and drives at a speed noticeably lower
than the reference speed.

The reason this division is made is that a slow moving leading vehicle close compli-
cates the problem significantly. For the adjacent vehicles, ramp barriers can easily
be defined. However, for the leading vehicle a ramp barrier could prevent us from
planning the path beyond the lane change. This is because a ramp barrier will block
both lanes ahead of the leading vehicle. Other types of safety constraints affect the
problem convexity and to attain convexity some reformulation must be made in this
case.

4.2.1 Leading vehicle close to reference speed or outside
horizon

The problem where the leading vehicle does not significantly constrain the path is

solved in a similar way as the trailing problem. Here, however, the adjacent vehicles
S, and S; must be taken into consideration.

14



4. Path planning

In [14,22,23] ramp barriers were used as a way to implement convex safety constraints
for the surrounding vehicles, this approach is adopted here as well. The ramp
barriers can be divided into two types, one that keeps E from colliding with a
vehicle ahead and one that keeps it from colliding with a vehicle behind. These are
then rotated depending on whether the vehicle is positioned in the left or right lane.
The ramp barriers used in this problem are pictured in Figure 4.2.

For a surrounding vehicle ahead of E, here S; and S, the ramp barrier can be defined
as
z(t) — zu(t) n y;(t) — yr(t)

>1 4.4
Lf wy - ( )

with Ly = I; 4+ 07 (0", — vj.) + 7p0ish, where [; is the length of vehicle j, 0y is the
desired time gap to a vehicle in front and the term vagfg makes sure that at higher
velocities the gap is held larger. Which sign is to be used depends on which lane
S; is in, if it is in the left lane the positive sign is used, if it is in the right lane the

negative sign is used.

Similarly, for a vehicle behind the ego vehicle, in this case S3, the ramp is defined as

(1) ;TiﬂE(t) - uit) ;lyE(t) <1 (4.5)

where L, = Ig + 9r(v£§§c — Vjz) + T,U3,, with 6, the desired time gap to a vehicle
behind. Here negative sign is used if the vehicle is in the left lane and positive if it
is in the right lane.

- - - Lateral reference —— Constraint from S1 —— Constraint from 82 —— Constraint from S3

N A O

lateral position [m]
o

(6}
o

-40 -30 -20 -10 0 10 20 30 40 50
longitudinal position [m]

Figure 4.2: Lateral reference and collision avoidance constraints for the lane change
path planning problem where the leading vehicle is driving at reference speed.

The cost function is the same as in the trailing problem

T <e(0) ws(0)) = [ st = O3 + us ()l de (46)

where Jilccnange Stands for the cost function in the first version of the lane change
problem and P and () are the same weight matrices as in the trailing problem.
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4. Path planning

The optimisation problem to be solved is thus

H&]ial'l ‘]lznechange(XE(t%uE(t)) (47&)
s.t. Xg(t) = Axg(t) + Bug(t) (4.7b)
yr(t) € (we/2, 2w, — wg/2] (4.7d)
UEx(t) € 0,05y ] (4.7¢)
vy(t) € [vEy vEy ] (4.7f)
ap () € lagy, agy] (4.7g)
apy(t) € [agy,, agy] (4.7h)
Vg, (t) € [—s, s|vr.(t) (4.79)
z(t) — zp(t) 4 y;(t) — yu(t) >1, j=1,2 (4.7})
Lf wq ’ ’
z3(t) ; ve(t) _ ys(t) —ye(t) <1 (4.7K)
r wy
xg(0) = Xgp (4.71)

where constraints (4.7b)-(4.7k) are enforced for all ¢ € [0, t¢].

4.2.2 Slow moving leading vehicle inside horizon

The approach presented above, in Section 4.2.1, is appropriate in the specified sce-
nario, when the leading vehicle is far away or drives close to the reference speed.
For a nearby leading vehicle that drives slowly there is however a problem with this
approach. The problem is the ramp barrier constraint for the leading vehicle. If this
is applied here it will lead to an odd behaviour of E or possibly that a lane change
that should be possible becomes infeasible. The problem is that the ramp barrier
for the leading vehicle will move at the same slow speed as S;, thus when E has
changed lane it will be blocked by the slow moving ramp and forced to slow down
even if the lane is clear. If there is then a faster vehicle coming from behind there
would be a collision if E is forced to move slowly, hence the lane change will become
infeasible. Hence, another solution to the lane change problem is proposed, this is
inspired by the solution to the similar overtaking scenario presented in [14].

On the other hand, the approach presented in this section cannot be used to handle
the case where the leading vehicle drives close to the reference speed or faster. That
is because the leading vehicle will here be used as a reference and the inverse of the
relative speed will come into the equations, making it inappropriate to use when S;
is driving close to the reference speed or is not inside the horizon. Because of this,
the lower constraint on vg, is here vg,(t) > v1,(t) + € where € > 0.

For this path optimisation problem, two assumptions must be made in addition
to those presented in Section 1.2. These should hold within a prediction horizon,
however they do not have to hold between iterations.

A7. All surrounding vehicles have a constant longitudinal velocity

16



4. Path planning

A8. All surrounding vehicles have a constant lateral velocity.

These are made since a translation from time to relative distance, as will be used
here, cannot be made before the optimal velocity has been calculated. Hence, a
prediction of the surrounding vehicle’s velocity made in time cannot be taken into
consideration unless it is assumed to be constant.

4.2.2.1 Collision avoidance constraints

To solve this problem some reformulation is needed, this is done with inspiration
from [14]. The main issue was the ramp barrier for S;, this is thus replaced by a
box constraint around the leading vehicle saying that close to S; the lateral position
of E must be in the adjacent lane. The collision avoidance constraints for Sy and S3
are still ramp barriers as in the previous lane change problem.

If the lane change is to be done into the left lane the constraint for S; is defined as

ye(t) € [yg™ (1), yg™ (1)) (4.8)
= (i I el
yE " (t) = 2w — wg/2. (4.10)

If the lane change is instead to be done to the right the constraint is

ye(t) € [yg " (1), y™ ()] (4.11)
yi (1) = wg/2 (4.12)
e A R e ST

Using this constraint the safety critical zone around the leading vehicle is a rectangle
that does not stretch into the adjacent lane, see Figure 4.3. Hence, when E has made
a lane change its continued movement will not be constrained by the leading vehicle
thus preventing the problem with misplaced deceleration and infeasibility. However,
introducing this constraint makes the problem non-convex since the constraint de-
pends on the time E will be close to S;, something that is not known beforehand.
In Sections 4.2.2.2 to 4.2.2.5 a number of steps will be taken to reformulate the
problem to restore convexity.

4.2.2.2 Change of reference frame

The first step is to reformulate the problem to instead of absolute longitudinal
position work with position relative to S;. This means that S; appears stationary
and the road moves with the speed —v; ,.

With this change of reference frame, the new states and control inputs are Xg(t) =
[Zg(t), yr(t), Up.(t), ve,(1)]" and g(t) = [ap.(t),ar,(t)]", where T5(t) = zg(t) —

17
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- - - Lateral reference —— Constraint from S, —— Constraint from S, —— Constraint from S3

E

36

B 4

o

Q2

S0

Q

{8 -50 -40 -30 -20 -10 0 10 20 30 40 50

longitudinal position [m]

Figure 4.3: Lateral reference and safety constraint for the lane change path plan-
ning problem where the leading vehicle is driving slower than the reference speed
and inside the horizon.

z1(t) and Ug.(t) = vgpe(t) — v1,. Note that the states concerning lateral motion
are unchanged, it is only for the longitudinal motion that S; is used as a reference.
Because of the assumption of constant velocity for S; the inputs are also unchanged.

The motion model is now

xg(t) = Axg(t) + Bug(t)
00 10 0 0
~looo 1 =~ loo (4.14)
A=19 000 =1 o
0000 0 1

and constraints have become

max
€ Vg — Ula]

min , max
VEy» VEy ]

(4.15)

(4.16)

=5, 8](Tp(t) + V1) (4.17)
g OBy ] (4.18)
(4.19)

— e o o —

min _ max
A,y OBy ]

where € > 0 is introduced to guarantee that E will always drive faster than S;.

The ramp barriers for Sy and S3 become

za(t) — T(t) — (Vi —v22)t | ¥2(t) —ys(?)
I + o >1 (4.20)
and

(1) — :EE(t)L— (V1.0 = 3}t a(t) ; yelt) o (4.21)

with signs as before.

The critical zone around S; now appears stationary in the moving frame. With z;
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being the initial longitudinal position of S; it is

yu(t) € [yg™ (1), v (t)] (4.22)
) 2, f t —L,, L
ygm(t) _ {wl + U}E/ , or ZL‘E() €T+ [ f] (423)
wg/2, otherwise
yp (1) = 2w — wg/2 (4.24)
or
ye(t) € (1) v (1) (4.25)
— 2 f t —L,, L
Y () = w; — wg/2, or IL‘E() € 210+ [—Ly, Ly] . (4.27)
2w; —wg/2, otherwise

The problem with convexity remains however, the time for which E is in the zone
depends on the optimal speed that is in turn determined by solving the optimisation
problem.

4.2.2.3 Sampling in relative distance

In order to make the constraint on yg convex the system is reformulated to be
sampled in space instead of time, more specifically in the relative distance Zg. For
simplicity the notation & = Zg will be used hereafter.

This means that Zg can be removed from the state vector, instead the state £(Z), rep-
resenting the time, is introduced, giving the state vector Xg = [t(Z), yr(Z), 5.4 (Z), ve, (T)]T.

The time derivatives describing the vehicle dynamics must now be replaced by space
derivatives. Here the notation (.)" = d/dz is used. The space derivatives of the states
are

- 1
t'(z) = —— 4.28
(7) 55207) (4.28)
_ dyg(z) dt(z) 1
’ . 4.2
o dop.(z) di(T) 1
/ ) . _
~ dvg,(Z) dt(z) . 1
. WA = 4.31
Ug y(x) dt(f) d# aE:y(x> ~E,x<j> ( 3 )
The constraint on lateral position is now finally convex
yp(7) € [y5 " (@), ys ™ (2)] (4.32)
. 2 f T _LT7 L
iz = 1 we/ for € i | s (4.33)
wg/2, otherwise
yp(Z) = 2w, — wg/2 (4.34)
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or
ye (%) € [y5"(2), yg™ (2)] (4.35)
yg " (Z) = we/2 (4.36)
- 2 for 7 _Lr7 L
O S (4.57)
2w, — wg/2, otherwise

4.2.2.4 Change of variables

In all state derivatives in (4.28)-(4.31) the inverse relative longitudinal speed, 1/0g . (%),
comes in, since this is not a linear relation a variable change is made, the new state
2(Z) = 1/0p,(Z) is introduced instead of 0g (7).

This gives the new state vector Xg(%) = [£(Z), yr(%), 2(F), vr,,(F)]T with the deriva-
tives

7(z) = 2(z) (4.38)
V() = ve,y(T)2(Z) (4.39)
(&) = —— i L () = 2 (D). (@
#(8) =~ the() =~ gpinal®) = = @a.@)  (440)
Uy (F) = ag (7)2(3) (4.41)

By defining the input u,(Z) = —z'(Z) the nonlinearity in (4.40) is removed, the state
derivatives then become X (%) = [2(Z), vr, (%)2(Z), —u.(T), ar, (T)2(Z)]". However,
there is still nonlinearity in the state derivatives, for the states concerning the lateral
motion, yg(T) = vgy(Z)z(Z) and vy, (T) = agy(7)2(Z). A new change of state is
thus introduced, instead of using vg,(Z) as state the space derivative of yg(Z) is
used, i.e. 1,(%) = yp(Z) = vg,y(Z)2(Z). The derivative of this state is

() = v (2)2(3) + i, (3)2'(2)
— any (0)20) 00, (0) (a0 (1.42)

Up . (T)
= ap,y(2)2°(%) — vE,y(7)2*(7)ap. (7).
Using this as an input, u, (&) = v} (), gives the states Xg(Z) = [{(Z), yuy(2), 2(Z), v, (2)]"
and state derivatives X[;(Z) = [2(%), v, (Z), —u.(Z),u,(Z)]". Now a linear motion
model is achieved, with the input vector g (%) = [u.(Z), u, (2)]7 it is

Xp(7)

e(Z) +
0
(4.43)

A B=

coc oo b

-1
0

cooo O

oo o

co~o
o

— o oo

The constraints on vg,(Z) and vg, () are translated into constraints on z(z) and
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(&) € L}El—vl j (4.44)
v, (&) € [—s, 5 (Z (;) +on ) () = [=5, 8](1 + v1.02(2)) (4.45)

which are convex.
Constraints on the inputs are however not convex, as a final step for making the
optimisation convex these are linearized around z.f = 1/ (vg“i —v1,) and aﬁ; = 0.
This gives

UUU(i.) € [GEH:?7 aga;cx]( 2Zref + 3Zrefz<i.>> (446>

uy(Z) € [agly, agy](— 2t + 22er2(7))

4.2.2.5 Final optimisation problem

Similarly as in the previous optimisation problems, the cost function is defined as

Pconge(%5(@), 05(2) = [ Ife(@) — %@} + law(@)d7 (448)

3), (@), =(

where R and S are positive definite weight matrices, Xg(Z) = [t
and (%) = [2°(2) .. (7), ap,y(2)2*(F) — vn,y (2)2°(2)dp 2 ()]

The final convex optimisation problem is thus

Hl%]i;n Jlinechange(}zE(‘%)?ﬁE(j)) (4498’)
st Ry(t) = ARg(t) + Bag(t) (4.49b)
t(x) € [0, 00) (4.49¢)
yu(T) € [yg™(T), y™ ()] (4.49d)
2(%) € [(Vp = v14(2) 7 7] (4.49¢)
vy (Z) € [—s,s](1+ le(x)z(i)) (4.49f)
u, () € lagy, agsy](— 2Zref+3zref2(i")) (4.49g)
uy(7) € o, aBs)(— 22 + 22vees(7) (4.49h)
To(T) — T — (;jlx v2,0)1(2) L ¥2(2) — ys(@) > (4.49)
f wi
z3(T) — T — (zl,z — U3.2)H(T) - y3(7) ; Ye(?) <1 (4.49))
XE(O) = XE,0 (4491{)

where constraints (4.49b)-(4.49j) are enforced for all z € [0, Z¢].

The optimal path will have states and inputs as a function of relative distance, this
is translated to depend on time by using the calculated velocity.
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Decision making

This chapter describes the logic behind the decision manager.

The goal of the decision manager is to choose the best path, the one to the left lane
or the one to the right lane. This is structurally very simple, the cost, according to
a specified cost function, is calculated for both paths and the one with a lower cost
is chosen. If one action is infeasible the other will always be chosen. If both actions
are infeasible then the path calculated at the previous time step will be used.

The real work on this part is defining the cost function. To really choose the best
path several aspects need to be weighed together. The cost includes

» State and input costs. Similar to the cost functions in the path planning
algorithms.

o The distance to the exit. The closer the exit is, the more costly it is not to be
in the reference lane.

o A cost for switching between lane choices. This is to prevent situations where
the controller switches back and forth between choosing the left or right lane.

The complete cost function is then the weighted sum of the three parts presented
above

J = Qstates J, states T Cexit J. exit T Gswitch J, switch (5 . 1)

where Ggtates; Jexit aNd Qswiten are positive weights used to balance the different parts.
The weights are chosen to achieve the desired behaviour in some chosen scenarios.

5.1 States and inputs

The cost for states and inputs is included to reward a path that is comfortable and
energy efficient. It is defined in the same way as the objective functions in the path
planning algorithms

Junte) Z Ixe(t) — <O + et (5.2

where P and () are the same weight matrices as was used in Sections 4.1 and 4.2.1.
The comparison is made in time domain, if one path is defined in space domain the
states and inputs are translated into time domain for the comparison. In this part
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neither the longitudinal or lateral position has any importance so these weights are
set to zero. The lateral position instead comes into the final cost by the exit part of
the cost.

5.2 Exit

The cost on choosing the path that does not end up in the reference lane is dependent
on the distance to the exit. If the exit is far away there is time to wait for a better
opportunity to move into the reference lane while if the exit is very close it is urgent
to position E in the reference lane in order to not miss the exit.

The cost is defined as

o (1 - (dexit/dmax)o'él)‘dpath - 5ref‘7 fOI' dexit € [07 dmax]
Jexit(-) -

) (5.3)
0, otherwise

where d.; is the distance to the exit, dy. = 2000m is the maximum distance for
which the exit gives rise to a cost, 5;§t‘}ldidate stands for the lane in which the path in
question ends up in and d,. stands for the reference lane. The power of the function,
0.4, is chosen as a tuning parameter to achieve an appropriate distance dependency
on the cost. The function can be seen in Figure 5.1.

Cost

0 500 1000 1500 2000 2500
Distance to exit, [m]

Figure 5.1: J. as a function of distance to the exit in the case where the final
position of the path is not in the reference lane. When the exit is further away than
2 kilometres the cost is zero, otherwise it increases the closer the exit is.

5.3 Switching between lane choices

The last part of the cost is to avoid unnecessary switches in the choice of lane.
Switching back and forth is something that could for example happen when there
is a lot of sensor noise or when the surrounding vehicles behave in an unpredictable
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manner. In order to not cause confusion and discomfort it is desirable that once a
manoeuvre has been initialised it is completed. The cost for switching is defined as

SWItch Z p |5;2§I?Idate - g;iﬁious(k” (54)

where p € (0,1) is a forgetting factor, 51‘;2‘3}?““6 is the final lane the candidate path
would be positioned in and ¢p.5"*" (k) is the final lane the A’th previously chosen
path was positioned in, £k = 1 means one time step ago, £ = 2 means two time steps

ago and so on.
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Results

The chapter describes how simulations were performed and presents the results of
simulating a few different scenarios.

6.1 Simulations

Simulations were performed in Matlab. As a solver HPIPM, which stands for High
Performance Interior Point Method, was used. This is very appropriate for this
kind of problems since it is a multistage solver. Multistage means that it takes
into consideration that the same states and inputs are calculated for several time
steps, where at one time the states and inputs only depend on the previous states
and inputs. This can be compared with a single stage solver, which puts all states
and inputs for all times in one state vector. This means that transition and weight
matrices will be very sparse and will hence loose speed compared to a multistage
solver. Presented in Figure 6.1 is the computation time as a function of the number of
samples used, for a PC with a 2.69 GHz processor and 16 GB RAM. The computation
time is the time for one entire iteration of the controller pictured in Figure 3.1 with
a prediction horizon of 10 seconds. In the simulations the number of samples used
is 100, giving a computation time of approximately 8 ms.

50

N
o
T

30 1

Computation time [ms]
n
o

—_
o
T

0 100 200 300 400 500
Number of samples

Figure 6.1: Computation time as a function of the number of samples for one
iteration of the controller pictured in Figure 3.1. The prediction horizon is here 10
seconds. The computation was performed on a PC with a 2.69 GHz processor and
16 GB RAM.
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6.2 Scenarios

Below, a few simulated scenarios are presented. For simplicity, in all scenarios the
exit to be taken is from the left lane, meaning that the left lane is the reference
lane. However, the same results would be achieved if the exit was instead from
the right lane. Parameters common for all scenarios are presented in Table 6.1.
The time horizon used is t; = 10s and the horizon in relative distance is 2y = 50 m.
Unless otherwise stated, no vehicles have an initial acceleration or lateral speed. The
weights used for the path planning and decision making, common for all simulations,
are presented in 6.2.

[; =4.5m w; = 2m lg=12m wg = 2.55m
w; = 3.2m Uref = 80 km/h tr=10s Ty =>50m
vt = 0km/h  of%* =90km/h ol = —4m/s o =4m/s
apt = —4m/s® o =1m/s*  afy = —-1m/s* af% =1m/s?
O =1s 7r =0.5s 0, =0.5s 7, =0.25s

s =0.18

Table 6.1: Parameters common for all simulations.

P = diag(0,2,1,4) @ = diag(4,4) R = diag(0,2,4,4) S = diag(3,4)
(states — 1 (exit = 600 Qswitch = 30

Table 6.2: Weights for path planning and decision making, common for all simu-
lations.

6.2.1 Scenario 1 — Typical case

The first scenario is a simple scenario where all surrounding vehicles keep a constant
speed equal to the reference speed and are spaced such that a lane change is feasible.
See Table 6.3 for the initial values. The generated paths are shown for three time
instances in Figure 6.2, the velocity and acceleration profiles are shown in Figure
6.3.

21(0) =45m 29(0) = 7hm 23(0) = —45m
v1,(0) =80km/h wvy,(0) =80km/h wv;3,(0) =80km/h
vE(0) = 80km/h  dexit(0) = 1100 m

Table 6.3: Initial values for scenario 1.

At first, Figure 6.2a, the exit is so far away that the cost from states and inputs
for performing the lane change is higher than the cost for staying in the right lane,
hence the lane change is not initialised. Since all vehicles drive at the same speed the
scenario has not changed for the second time instance, Figure 6.2b, except for the
distance to the exit, hence the cost from states and inputs for performing the lane
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change stays the same. However, when the exit comes closer this cost eventually
becomes higher than the cost for the lane change and the lane change into the
reference lane is initialised.

At the final time instance, presented in Figure 6.2c, E has moved into the other lane.
The path for going back into the right lane is still calculated as an abortion option.
At this time it can be seen how, when E moves into another lane, the situation
analyst changes the labelling of the surrounding vehicles, S;. The path planning for
the left lane is now a trailing problem while the path planning for the right lane is
a lane change problem.

Distance to exit: 1100 m

E 6 0 1 20 2 31

- » | S— | J— ® S — opu

Sat 1,7

& F-------- e

‘—l 0 7 01 12 23

g 2 ‘;’_‘._“_“ Chosen path

© - — —Disregarded path

—

0 _________________________
-50 0 50 100 150 200
Longitudinal position [m]
(a) Time 0.

Distance to exit: 1047 m Distance to exit: 996 m
— 6 —6
E E
c c
= a4t
[%2] [%2]
o o
Qo (o
B2 gay
[0 [0}
© ©
— —

O ~=---=----------------—- O
-50 0 50 100 150 200 -50 0 50 100 150 200
Longitudinal position [m] Longitudinal position [m]
(b) After 2.5 seconds. (c) After 4.8 seconds.

Figure 6.2: Generated paths for scenario 1 at three different times. The predicted
position of the vehicles are shown for 5 time instances, 0 indicates the initial posi-
tions. At the initial time, presented in (a), both paths are feasible but the exit is
still so far away that a the lane change is more costly than staying in the right lane.
At the second time, (b), the exit is closer which adds more to the cost of staying in
the right lane and the lane change into the reference lane is initialised. Lastly, in (c)
E has passed into the reference lane, however, the path for going back to the right
lane is still calculated as an abortion option. Here it can be seen how the labels, S;,
of the surrounding vehicles change as E passes into the other lane.

6.2.2 Scenario 2 — Accelerating surrounding vehicle

This scenario shows how the controller can take the predicted behaviour of the
surrounding vehicles into consideration. Here a comparison is made between a case
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o1 Longitudinal velocity 02 Longitudinal acceleration
— — — —Leftlane (\E = — —Leftlane
% 80.5 Right lane E o1 Right lane
= 5
> 80 =0
o <@
© D
L 795 8 0.1
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79 0.2
0 2 4 6 8 10 0 2 4 6 8 10
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Figure 6.3: Longitudinal and lateral velocity and acceleration over the prediction
horizon at the initial time in scenario 1. The solid line indicates the path chosen
by the decision manager, compare to Figure 6.2a. In the top two plots it is clear
that there is no longitudinal acceleration for any of the two paths. There is however
a change in lateral velocity and acceleration for the lane change into the left lane.
Both the velocity and acceleration varies smoothly despite the fact that there is no
constraint or cost on the jerk.

where all surrounding vehicles drive with constant velocity and the same situation
but where one of the vehicles have a constant acceleration. The initial positions and
velocities for all vehicles are equal in the two cases, the only thing that differs is the
acceleration for So. The initial values is presented in Table 6.4.

21(0) =45m 29(0) = 15m z3(0) = —300m
v1,,(0) = 80km/h v9,,(0) =70km/h  wv3,(0) =70km/h
as.(0) =0m/s? or 0.5m/s* vg,(0) =80km/h  dey(0) = 800 m

Table 6.4: Initial values for scenario 2.

The generated paths for the two cases is presented in Figure 6.4 and the velocity
and acceleration for the case when Sy accelerates is shown in Figure 6.5. In Figure
6.4a it is shown that when S, does not accelerate, making a lane change is infeasible
and E is forced to stay in its lane. Comparing this to Figure 6.4b, where the initial
positions and velocities are the same, it can be seen how the controller takes the
acceleration of Sy into account and is able to generate a feasible lane change.
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Distance to exit: 800 m Distance to exit: 800 m
e —
E, 0 1 2 3 L E Lateral reference £
5 il el u » ] »n-- l S1 5
B .. —B-S, 3
8 S 8
) ot 0 01 12 23 34 3 =
5 *—(9——00—900———0@ | Chosen path &
© - - —Disregarded path ©
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-50 0 50 100 150 200 -50 0 50 100 150 200
Longitudinal position [m] Longitudinal position [m]
(a) No surrounding vehicle accelerates. (b) Sy accelerates.

Figure 6.4: Generated paths for scenario 2 where in (a) no surrounding vehicles
accelerate while in (b) Sy accelerates with as, = 0.5m/s?>. The predicted position
of the vehicles are shown for 5 time instances, 0 indicates the initial positions. In
(a) Sq is positioned such that a lane change into the left lane is infeasible. Since the
velocity is constant and equal to the velocity of E the relative position will remain
the same during the prediction horizon. In (b) the initial velocity and position is
the same as in (a) but here Sy accelerates. The controller takes the acceleration into
regard and predicts that S, will speed up and increase its distance to E. This makes
it possible to generate a feasible path that takes E into the left lane.
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Figure 6.5: Longitudinal and lateral velocity and acceleration over the prediction
horizon at the initial time for scenario 2 in the case where Sy accelerates. Compare
to Figure 6.4b. The solid line indicates the path chosen by the decision manager.

6.2.3 Scenario 3 — Abortion of lane change
The benefit of continuing to generate two paths even when a lane change into the

reference lane has been initialised is shown in this scenario. Here going back to the
original lane is used for aborting the lane change when that becomes infeasible. In
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this scenario Sz suddenly starts to accelerate when a lane change has been initialised,
making it impossible to safely go through with the lane change. The initial values
of the scenario is presented in Table 6.5.

z1(0) =45m z5(0) = 150 m z3(0) = —45m
v1,(0) =80km/h  v5,(0) =80km/h wv;,(0) =80km/h
UEJ(O) = 80 km/h dexit(o) = 800m

Table 6.5: Initial values for scenario 3.

The generated paths for three time instances are shown in Figure 6.6. The velocity
and acceleration for the final time is presented in Figure 6.7. At the initial time,
Figure 6.6a, both paths are feasible and making a lane change into the reference
lane is chosen. Shortly thereafter, at the time instance presented in 6.6b, S3 has
just started to accelerate which makes it infeasible to go through with the lane
change, hence E will fall back into the right lane. As moving into the left lane is
now infeasible, E has no choice but to wait in the right lane. As the exit moves
closer the lateral reference is moved closer to the reference lane, see Figure 6.6b and
6.6c. Also, the longitudinal reference speed is set lower for staying in the right lane,
see Figure 6.7. The combination of S3’s acceleration and E’s deceleration eventually
leads to S3 passing by E and E can then make the lane change behind it, see Figure
6.6¢.

6.2.4 Scenario 4 — When to initialise a lane change

In the final scenario the balance between the different parts in the decision making
cost function is shown. This is done by comparing the distance to the exit where
a lane change is initialised in three different cases. In Table 6.6 the initial values
that are common for all three cases are presented. The difference between the cases
lies in vy ,(0) and vs,(0) as well as the distance to the exit. The values of these
variables for the three cases are presented in Table 6.7.

z1(0) =45m 29(0) =500m  23(0) = —30m
v9,,(0) =80km/h vg,(0) =80 km/h

Table 6.6: Initial values common for all three cases in scenario 4.

‘ 121733(0) ‘ U37I(O>
Case 1 | 80km/h | 80km/h
Case 2 | 72km/h | 80km/h
Case 3 | 80km/h | 84 km/h

Table 6.7: Initial values that differ between the three cases in scenario 4.

The generated paths as well as velocity and acceleration profiles at the initial time
for Case 1 are shown in Figure 6.8. In this case the surrounding vehicles drive at
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the reference speed and are spaced such that they do not restrict E’s behaviour
significantly. No longitudinal acceleration is needed for either of the paths. Under
these circumstances the lane change into the reference lane is initialised when there
is just over 1km to the exit, deyiy = 1053 m.

In the second case, the leading vehicle S; drives slower than the reference speed.
The resulting paths, velocity and acceleration are shown in Figure 6.9. In this case
the E would have to slow down in order to stay in the right lane. This makes the
cost for trailing higher than in the previous case, hence the lane change is initialised
earlier, at deg; = 1515 m.

In the third case, S3 drives faster than the reference speed. The resulting paths,
velocity and acceleration are shown in Figure 6.9. In this case the E would have to
increase its speed in order to be able to perform the lane change in front of S3. This
makes the cost for lane change higher than in the first case, hence the exit is closer,
dexit = 922 m, before the cost for lane change is lower than the cost for trailing and
the lane change is initialised.
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Figure 6.6: Generated paths for scenario 3 at three different times. The predicted
position of the vehicles are shown for 5 time instances, 0 indicates the initial posi-
tions. At the initial time, presented in (a), both paths are feasible and a lane change
into the reference lane is initialised. At the second time, (b), S3 suddenly starts to
accelerate with as, = 1m/s?, making the lane change infeasible. As an abortion
manoeuvre the path for staying in the right lane is instead chosen. E is then forced
to stay in the right lane as S3 slowly passes it. In (c) S3 has finally passed E, and
hence become S,, the lane change is again feasible and thus initialised. Comparing
the lateral reference for the right lane in (a) to the one in (b) and (c) it can be seen
how the reference is moved towards the reference lane as the exit comes closer than
800 meters.
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Figure 6.7: Longitudinal and lateral velocity and acceleration over the prediction
horizon after 11.0 seconds in scenario 3. The solid line indicates the path chosen
by the decision manager, compare to Figure 6.6c. Here it is seen how the reference
for the longitudinal velocity for staying in the right lane has been increased because
of the proximity of the exit. The two paths hence have different references for the
longitudinal velocity and both paths require nonzero acceleration to reach the refer-
ence. Comparing the lateral velocity and acceleration profiles to the first scenario,
Figure 6.3, it is clear that the lateral motion for the lane change is very similar
despite the fact that in the abortion scenario longitudinal acceleration is involved.
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Figure 6.8: Case 1 of scenario 4, both S; and S3 drive at 80km/h. In (a), the
generated paths at the initial time. The predicted position of the vehicles are shown
for 5 time instances, 0 indicates the initial positions. In (b), the corresponding
velocity and acceleration profiles are shown. In this case no surrounding vehicle
restricts E’s motion which means that both paths are feasible and the longitudinal
acceleration can be kept at zero. For this case the decision manager initialises the
lane change into the reference lane when the exit is just over 1 kilometre away,
1053 m to be exact.
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Distance to exit: 1515 m
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Figure 6.9: Case 2 of scenario 4, vy ,(0) = 72km/h and v3,(0) = 80km/h. In (a),
the generated paths at the initial time. The predicted position of the vehicles are
shown for 5 time instances, 0 indicates the initial positions. In (b), the corresponding
velocity and acceleration profiles are shown. In this case S; drives at a speed slower
than the reference speed which makes it more expensive to stay in the right lane.
That in combination with the upcoming exit makes it advantageous to initialise the
lane change earlier than in case 1. Here the lane change is initialised already when
the exit is 1515 metres away.
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Figure 6.10: Case 3 of scenario 4, vy ,(0) = 80 km/h and v3 ,(0) = 84 km/h. In (a),
the generated paths at the initial time. The predicted position of the vehicles are
shown for 5 time instances, 0 indicates the initial positions. In (b), the corresponding
velocity and acceleration profiles are shown. In this case S35 drives at a speed higher
than the reference speed which means that E must also speed up in order to be able
to change lane in front of it. This makes it more expensive to change lane, hence
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the lane change isn’t initialised until the exit is 922 metres away.

38



-

Discussion

In this chapter first the results and general performance of the controller are dis-
cussed. Then some possibilities for future work are presented.

7.1 Performance

The evaluation of computation time indicates that the method will be fast enough
to allow for a real time implementation in an actual vehicle. Also, the calculations
might be possible to make even faster with an implementation of the entire controller
in for example C.

The simulations also show that the implemented controller is very good at generating
smooth and safe paths when possible and to make decisions based on the current
traffic situation.

Comparing the lateral velocity and acceleration profiles for the lane change in the
different scenarios it can be seen that they are very alike, except for scenario 2. This
shows that the longitudinal and lateral motion are rather independent. In general
it can be interpreted such that the longitudinal motion places the ego vehicle in a
position and with a speed that will allow the lateral motion to perform the lane
change in an optimal way. The connection between the longitudinal and lateral mo-
tion lies in the constraint the longitudinal velocity places on the lateral velocity and
in the collision avoidance constraints where both longitudinal and lateral position
are involved. The simulation of scenario 2 shows that the longitudinal and lateral
motion are indeed coupled.

A downside of this controller structure is that at each time only two options are
evaluated, this could for example mean that E chooses to perform a costly lane
change into the closest gap when it perhaps would have been better to wait for the
next gap and make the lane change then. For example a graph search method could
evaluate more possible actions and choose the one that is best. The advantage
of the method presented here compared to the graph search method is that this
controller requires less memory and is very fast. The method presented here is able
to indirectly evaluate more options in the way that it weighs the cost of states and
inputs against the urgency to change lane due to the exit, hence it can wait for a
better opportunity to change lane.

A part of the controller implementation that can be seen as both a great advantage
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and as a disadvantage is that it requires a lot of tuning of weights in both the path
planning and the decision making. The strength is in the fact that the behaviour can
be tuned in many different ways to achieve for example the best energy efficiency, to
maximise the comfort of the passenger or to mimic the behaviour of different types
of human drivers. The fact that there are so many weights involved however can
make it very hard to define the optimal behaviour and there is no definite answer
to the optimal tuning.

7.2 Future work

In future work focus could be on taking more complex behaviour of the surrounding
vehicles into consideration, to evaluate more possible actions and/or to implement
more advanced vehicle and environment models.

Taking more complex behaviour of the surrounding vehicles into consideration could
mean to allow for the surrounding vehicles to change lane. It could also include
taking into consideration that the surrounding vehicles will adapt to the motion of
the ego vehicle. For instance, this could mean to allow a lane change that positions
E in front of a faster moving vehicle and trust that it will slow its pace to adapt to
E. Doing this would lead to a less conservative and more human-like behaviour.

Evaluating more possible actions could be to calculate the optimal path for position-
ing E in another gap than the closest one and including that in the decision making.
It could also mean evaluating the cost of turning on the turning lights, moving to-
ward the reference lane and slowing down, the cost for these actions would come
from predicting how the surrounding vehicles would be affected.

The models for both vehicles and the environment are very simplified. As discussed
above, a point mass model for planning the motion of simple vehicle types is com-
monly used and performs well. However, for more advanced vehicle, including for
example trailers, a more advanced vehicle model might be necessary. Also, the air
and rolling resistance could be included in the vehicle model to allow for a better
optimisation in terms of energy efficiency as well as more accurate constraints on
acceleration. As it is now, an assumption of a straight and flat road was made but
this should be possible to extend to curved and inclining roads without too much
effort.
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Conclusion

The purpose of this master’s thesis was to develop a method for automated decision
making and path planning in a highway exit situation. The proposed solution is a
model predictive controller in three parts where at each time two paths are generated,
one for staying in the current lane and one for moving into the adjacent lane.

Using simulations in Matlab the method was evaluated in a few scenarios. The
simulations show that the method is able to generate smooth paths that guarantee
safety when so is possible. They also show how the decision manager takes the cur-
rent traffic situation into consideration to decide on when to change lane and when
to stay in the current lane. The MPC approach makes it possible to continuously
adapt to changes and uncertainties in the surroundings. The method also shows
good prospects for a real time implementation in regards to computation time, on
a PC the average computation time for one iteration of the controller was 8 ms.
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