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Autonomous vehicles are considered as means of
transport for the future. However, the design and the
development of autonomous systems such as public
transport, robot taxi and good delivery are challenging.
On one hand, it involves the maturity of autonomous
vehicles. On the other hand, it relates to the manage-
ment of these new services. One of the major con-
siderations for these systems is how to safely navigate
autonomous vehicles to fulfil their missions. In this pa-
per, we propose a method for navigating autonomous
vehicles through a three level trajectory planning. This
method includes: 1) the computation of a global tra-
jectory for each vehicle, 2) a guidance for hundreds of
meters in front of the vehicle and 3) a real time compu-
tation for an immediate trajectory based on the current
situation. This method provides the guidance which is
easy to interpret by the autonomous vehicles for their
decision making so that the safe navigation is insured.
Additionally, the approach reveals to be flexible for in-
corporating trajectory adjustments.

Keywords: Autonomous vehicle, navigation, trajec-
tory planning, public transportation

1 Introduction
Autonomous transportation systems are funda-

mentally challenging to design, to develop, to verify and
to validate. To navigate the autonomous vehicle, the
trajectory planning remains a difficult task as it involves
a lot of parameters such as the dynamics of the vehicle,
the internal and external disturbances and the traffic
situation. That means, some of the needed parameters
for the trajectory planning are known beforehand while
others are known only in real time operation. Several
important works [1–4] studied the problem of elaborat-
ing accurate, yet computationally inexpensive, trajec-
tories for autonomous vehicles. For example [5] pro-
poses an algorithm that performs a two-step computa-
tion, a first step chooses manoeuvres according to data
from the environment that would minimise the risk of

collisions, and the second step chooses the trajectory
that best preserves resources and ensures on board
comfort. [1] studied trajectory planning in the case of
multi-modal transportation systems by combining multi-
agent methods with classic optimisation. These works
focus on the trajectory planning from the vehicle point
of view. In this paper, we consider the trajectory plan-
ning from a system point of view which is applicable to
different contexts of autonomous services.

We address use cases relative to future smart
cities, specifically intelligent transportation system net-
works for good deliveries, passenger transportation
and on-demand taxis like services. These use cases
require, always, the management of the services and
accomplishing the mission, while insuring security and
safety.

The paper is organised as follows: Section 2 pro-
vides a global overview of the proposed methodology
by briefly presenting the three levels of the trajectory,
the next sections detail each level of the trajectory. Sec-
tion 6 presents an implementation of the method and
simulation results.

2 Method overview
The objective of the method is to effectively or-

ganise the information of the trajectory so that the au-
tonomous vehicle could easily understand and incor-
porate them into its decisions. The method focuses on
defining the following three levels of the trajectory:

1. The global trajectory: The trajectory that the au-
tonomous vehicle has to fulfil for the mission. The
global trajectory is computed based on the Digi-
tal City Map (DCM) which provides information re-
garding the route network such as: road lane, road
restrictions, position of traffic lights, type of infras-
tructure (intersection, roundabout).

2. The intermediate trajectory: the one which pro-
vides a guidance in hundreds of meters ahead of
the vehicle.



3. The immediate trajectory: the one which provides
the speed reference and the steering reference
based on the current driving situation.

The proposed method requires the following as-
sumptions:

1. The vehicle low level controls (including the lat-
eral actuator controller and the longitudinal actu-
ator controller) are well designed and developed.

2. The sensors of the autonomous vehicle are power-
ful enough to be able to detect and represent the
environment involved in the vehicle navigation.

3. The autonomous vehicle runs always on the road
with detectable road marks.

The first assumption insures that the vehicle can fol-
low the immediate trajectory (the speed reference and
the steering reference) and the second one insures the
reliable perception for the driving algorithm. The third
assumption ensures that the vehicle is not in off-road
operation.

3 Global trajectory
The computation of the global trajectory is based

on the following information:

1. The Digital City Map (DCM): The DCM like Google
map is based on the Global Positioning System
(GPS). It provides a complete set of information
about the road network. Once the trajectory is de-
fined between a point A and a point B on the DCM,
all information along the trajectory can be collected
and used for the navigation of autonomous vehi-
cles.

2. Global Positioning System (GPS): This information
is used to estimate the position of the vehicle in or-
der to define the departure point of the global tra-
jectory. An example of the use of the GPS position
is to compute the trajectory for a taxi that should
pick a customer or to start to drive the customer to
his/her destination. The position provided by the
GPS is not required to be very accurate because it
is not used for the navigation.

3. Information regarding road blocks and other events
that could potentially impact the trajectory and that
are known beforehand (e.g., weather conditions,
demonstration at a specific time and so on).

Figure 1 provides an example of a global trajectory
which is extracted form the Google map. Note that the
map visualisation is intended for human use. When this
trajectory is used for autonomous vehicle, the informa-
tion transmitted to the vehicle could be much different.

Mathematically, the city road map can be seen as a
large weighted graph of nodes and edges. Each node
represents a position where the vehicle could be of-
fered one or several choices, and an edge is a sector

Fig. 1. Example of a Digital City Map (DCM) provided by Google
Maps: the DCM provides a global trajectory from current position to
destination

of road on which the vehicle action is limited to only
going along the road, if not it will get off the road.

By considering the city road map as a graph of
nodes and edges, the search for a global trajectory
from a point A to a point B can therefore be reduced
to a multi-objective optimisation problem which is very-
well studied in the literature. For example [2, 5–7] are
based on known methods such as generalised Dijsk-
tra, Breadth First Search (BFS) or AStar algorithms.
With such algorithms in hand, updating dynamically
the global trajectory when dealing with new constrains
such as a road block or serious traffic jam could be pos-
sible.

3.1 Global trajectory optimisation
The computation of the global trajectory is formally

an optimisation operation that finds the best global path
given the graph. The main input for this optimisation
task is an informative and accurate graph which re-
quires the use of big data collected from the DCM.
Once the input is provided, an effective search is em-
ployed to find the optimal path. Some constrains for the
optimisation could be taking the shortest crossing time
and/or consuming the least energy. Simple examples
of objectives for different services are found in Table 1.

Use case Use case specific constraints

Bus Time of arrival should be close to prede-
fined timetables

Taxi Time of arrival should be minimal while
having a comfortable ride

Delivery Time of arrival should be minimal

Table 1. Examples of use-case specific objectives for finding an op-
timal global trajectory



3.2 Trajectory instruction
Once the global trajectory is identified , the next

step is to “translate” it into a comprehensive machine
data and then transmit it to the autonomous vehicle.
One effective way, which is employed in this work, is
to consider the global trajectory as a list of consecutive
road sector and events, and the obligations attached to
each of them on the list.

Let us consider an example of a global trajectory for
the bus use case. The sequence of the global trajectory
can be seen as: (Start) - (Go on lane Sector 1) - (Turn
right at Event 1) - (Go on lane Sector 2) - (Stop at the
Bus stop 1) - (Go on lane Sector 3) - ... - (Go straight
at Event 2) - (Go on lane Sector n) - ... - (Stop at the
terminal).

4 Intermediate trajectory
The intermediate trajectory is a zoom on hundreds

of meters on the global trajectory which counts from the
vehicle position. This intermediate trajectory provides
the vehicle all preliminary actions to be performed and
will now be detailed.

Figure 2 is a visualisation of the three trajectory lev-
els where the intermediate trajectory is represented by
the orange path.

4.1 Handling events
Considering the instruction given in the Section

3.2. Between any two events, the intermediate tra-
jectory computation algorithm translates the guidance
as a more detailed sequence of instructions: (Go on
lane to the next event) - (Prepare for the next event)
- (Do actions at the event). This process is repeated
once the vehicle has finished the actions at the cur-
rent event. The vehicle will always be in the state (Go
on lane) while the vehicle is navigating between two
events. When there are two successive events and lit-
tle preparation time to handle the next event after deal-
ing with the first event, the vehicle should prepare the
preliminary actions for the two events instead of only
one. The medium term trajectory is calculated from the
list of events on the global trajectory and the position of
the vehicle. The next event is the closest one so that
the distance from the vehicle to events in hundreds of
meters will be taken into consideration.

4.2 The next event to deal with
The next event is the event right ahead of the ve-

hicle. The vehicle has to run along its current road to
approach the next event. In approaching the next event
the vehicle has to prepare actions to get through the
event.

Ego

Global trajectory

Intermediate trajectory

Immediate trajectory

Obs

Fig. 2. A visualisation of the three level trajectories of an au-
tonomous vehicle Ego with an obstacle Obs along its path.

4.3 Action planning for an event
Each type of event requires that the vehicle has to

do a list of actions. For example, to turn right at an in-
tersection without traffic light, the vehicle needs to turn
on the right indicator when it is approaching the inter-
section. Then it has to reduce its speed. In entering
the intersection, the vehicle has to give the way to the
others which are already in the intersection. If there is
a light at the entrance of the intersection, in addition
to other preparing actions, the vehicle has to respect
the light state. The vehicle then has to get in the in-
tersection and to look for the corresponding exit. Once
the vehicle exits the intersection, it has to turn off the
indicator and has to continue on the road. From the ex-
ample above, it is required that once the next event has
been defined by the vehicle, the list of actions which
corresponds to the event needs to be loaded. Based
on the position of the vehicle, the actions of this list
have to be executed in the defined order.

5 Immediate trajectory
Objective of this section is to define reference

speed and reference steering for the vehicle

5.1 Vehicle speed reference
The speed reference of a vehicle is the speed that

the vehicle must achieve. The speed reference is com-
puted as:

Vre f (t +1) = fv(Vveh(t),dynveh(t),dyntarg(t),

nextEvent,constrains)
(1)

Where:

Vre f (t +1) - The speed reference at time (t +1)
Vveh(t) - The speed of the vehicle at time t
dynveh(t) - The dynamics (other than the speed) of
the vehicle at time t
dyntarg(t) - The dynamics of the targets at time t
nextEvent - The next event from the vehicle position



constrains - The constrains on the road such as: au-
thorised speed, the state of the traffic lights

Since the calculation of the speed reference is based
on the actual dynamics of the vehicle, the smooth
change of its value between the two consecutive cal-
culation steps is insured. Moreover, the error of the
vehicle speed controller at the last time steps will be
taken into account.

5.2 Vehicle steering angle reference
The control of the vehicle steering is more complex

than the control of the vehicle speed because of the
complexity of the vehicle lateral dynamics. Moreover,
the vehicle lateral control is affected by lots of internal
and external disturbances such as the load on the ve-
hicle, under-inflated tire(s), road inclination, road bend,
lateral wind ... Thus, the vehicle lateral control is nor-
mally a combination of the angle (position) controller
and a torque controller. The reference steering angle
applied to this work is the angle that the vehicle must
keep or achieve until the next calculation time.

Equation 2 shows the strategy of steering refer-
ence calculation.

θre f (t +1) = fs(θveh(t),dynveh(t),dyntarg(t), trqs(t),

road,nextEvent,constrains)
(2)

Where:

θre f (t +1) - Steering angle reference calculated for
the time (t +1)
θveh(t) - The steering angle of the vehicle at time t
dynveh(t) - The dynamics (other than the steering
angle) of the vehicle at time t
trqs(t) - The measured torque at the steering sys-
tem at time t
road - The detection of the road lines or road limit
in front of the vehicle t
dyntarg(t) - The dynamics of the targets at time t
nextEvent - The next event to be dealt with on the
vehicle trajectory
constrains - The constrains on the steering of the
vehicle

6 Simulation
6.1 Scenario

A predefined road has been chosen as the global
trajectory for the autonomous vehicle. On the trajec-
tory, the autonomous vehicle has to deal with different
traffic situations as well as to deal with the road sig-
nalisation. The mission of the autonomous vehicle is
to start from any position on the trajectory then run to-
ward the next bus stop. It has to stop at the bus top for
serving the passengers. Then it continue to get to the
next bus stop.

Fig. 3. The configuration of the system simulation

6.2 Situations
In our simulation, the followings are some of the

situations which have been taken into consideration:

- Pedestrians crossing and walking along the road
- Vehicles stopping on the road
- Vehicles stopping on the road and there is another
vehicles coming on the other lane
- Traffic lights and pedestrian crossing just before
the bus stop

6.3 Simulation configuration
The simulation utilises SCANeR and Mat-

lab/Simulink. The list of events on the global trajectory
has been recorded and stored in Matlab/Simulink. This
data is then passed to the autonomous driving model.
A model Callas of SCANeR is used as the dynamic
model of the vehicle to be controlled. The structure of
the system simulation can be seen in Figure 3.

6.4 Simulation results
In our simulation, the vehicle calculates the next

event that it has to deal with. By analysing the obli-
gations at this event, the vehicle loads the necessary
actions in approaching the event. In parallel with these
actions, the vehicle calculated its immediate trajectory
to insure the safety and that it does not break the law.
The vehicle can handle simultaneously different situ-
ations such as: the traffic light, pedestrian crossing,
pedestrians while entering a bus stop; vehicle coming
in front while doing obstacle avoidance; pedestrians on
the road and so on. The results are shown by some
figures which are taken from the related videos. These
figures represent the top view of the scene and the view
of the integrated front camera. The Figure 4 shows the
situation that there is an obstacle (the black car) on the
road so that the autonomous vehicle has to take the left
lane to avoid this obstacle. However, the distance to
the bus which is coming on the left lane does not allow
the autonomous vehicle to do the obstacle avoidance.
The vehicle takes the decision to stop behind the ob-
stacle and to wait for the clearance road. The situation
shown in Figure 5 is more complex. There is a traffic



Fig. 4. Give way before doing the obstacle avoidance

Fig. 5. Give way to pedestrians while preparing for the traffic light
and entering the bus stop

light right before the bus stop. Some pedestrians are
walking not only on the crossing but before the light.
Our autonomous vehicle deals well with the situation.
It turns the right indicator on, slows down to ready to
stop at the light, gives way to the pedestrian and starts
to get close to the pavement.

7 Conclusion
The use of the three levels representation of the

trajectory has been proved to be one appropriate op-
tion for autonomous transportation systems. The sim-
ulation, which is presented in this work, has demon-
strated the efficiency of exploiting the intermediate and
immediate trajectory. The computation of the global tra-
jectory, in general, is not yet implemented in the simu-
lation results, instead we chose a single bus line as the
global trajectory. Nevertheless, the global trajectory is
necessary in situations such as one road section be-
comes closed or to to define the trajectory for a taxi
mission or even for a delivery service. This task will be
done in our future work.
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