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order to find a path from the start node to
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METHOD FOR DETERMINING AN EVASIVE PATH FOR A HOST VEHICLE

TECHNICAL FIELD
The present invention relates to a method for determining an evasive
path for a host vehicle. The present invention also relates to a corresponding
5 computer program product. The present invention also relates to a vehicle.

BACKGROUND OF THE INVENTION

While vehicles have been developed to be progressively safer through

decades of improved mechanical structures and materials traffic accidents

10 still do occur. Whether it is by human error, external factors or material failure
there is has been a need to take a more proactive approach to complement
the passive safety arrangements. Developments in the electronics field have
provided new smaller, precise and more cost efficient sensors, data
processors and data communication means that allow systems that can

15 actively detect and interpret a traffic situation. Accordingly, one system may
provide the driver with a warning message to call the attention of the driver to
the drifting out of lane, or a system may brake autonomously. However,
current advanced driver assistance systems used in for instance auto braking
and lane keeping aid functions are commonly scenario-specific. For example,

20 an automatic brake function for intersection may use a completely different
algorithm than an automatic brake function for freeway driving. This is
inefficient from a data processing perspective in terms of the whole vehicle
and from a development cost perspective. Furthermore, this counteracts
development of new functionality as multiple algorithms have to be

25 maintained and extended for the life time of a vehicle platform.

Hence, there exists a need for a method that may take a more holistic
interpretation of a traffic environment and which provides input data to e.g.
the different warning interfaces and/or the controlling systems for collision
avoidance or collision mitigation in vehicles.

30 Furthermore, US2005/0192749 (Flann et al.) discloses a path planner

and a method for determining a path for a vehicle comprises defining a
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starting point for the vehicle. A termination point is defined. An obstacle
detector detects one or more obstacles in a work area between the starting
point and the termination point. A boundary zone is defined about each
corresponding obstacle. Candidate paths are identified between the starting
point and the termination point. Each candidate path only intersects each
boundary zone once for each corresponding obstacle. An economic cost is
estimated for traversing each candidate path or a portion thereof between the
starting point and the termination point. A preferential path is selected from
the identified candidate paths based on the preferential path being associated

with a lowest estimated economic cost.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an improved method
for determining an evasive path for a host vehicle.

According to a first aspect of the present invention, there is provided a
method for determining an evasive path for a host vehicle, the method
comprising: establishing a predicted traffic environment of the host vehicle in
a time-lateral position domain, the predicted traffic environment comprising an
object prediction representation of a traffic object; determining a start node for
the host vehicle, the start node representing a start time and a start lateral
position in the predicted traffic environment; defining an end node for the host
vehicle, the end node representing an end time in the predicted traffic
environment; placing several boundary nodes relative to the object prediction
representation in the predicted traffic environment between the start node and
the end node; setting node connections between the start node, the boundary
nodes, and the end node, thereby defining a connectivity map with possible
node connections in the predicted traffic environment; and traversing the
nodes using a graph-search algorithm in order to find a path from the start
node to the end node with a lowest cost, whereby the path with the lowest

cost is selected as the evasive path for the host vehicle.
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The lowest cost may be the lowest cost of maximum lateral jerk.
Alternatively, maximum lateral acceleration or sum of lateral movement could
be used as cost function.

Said node connections may include splines. Each spline may have a
piecewise constant magnitude of lateral jerk.

Any lateral motion at the end of a node connection may be carried over
to the start of a subsequent node connection.

Any node connections passing through the object prediction
representation may be disregarded when traversing the nodes.

The object prediction representation of the traffic object may include a
set of points connected by straight lines, wherein each boundary node is
placed a predetermined lateral distance from a respective corner of the object
prediction representation. The predetermined lateral distance may be half the
width of the host vehicle and an additional predetermined safety margin.

The predetermined safety margin may be in the range of 0 — 1 meter,
or in the range of 0 — 0.5 m, or in the range of 0 — 0.3 m. The safety margin
may compensate for example accuracy, precision or sampling rate of for
example sensors and may be adapted based on predetermined or calibrated
parameters depending on type or model of sensor.

Furthermore, the predetermined safety margin may be negative. The
predetermined safety margin may be determined so that the predetermined
lateral distance is in the range of 0.1 — 1 m, or in the range of 0.1 — 0.5 m, or
in the range of 0.1 — 0.3 m. For example, for a lateral distance of 0.2 m and a
host vehicle width of 2 m, the predetermined safety margin may be
determined as 0.2 — 2/2 = - 0.8 m. The negative safety margin may for
example be advantageous in a situation where the traffic object is detected to
be adjacent to another traffic object so that a positive predetermined safety
margin would result in a collision with a boundary node of the other traffic
object or with the other traffic object itself. For example, for determination of a
predetermined safety margin between two traffic objects, the predetermined
safety margin may be determined so that the predetermined lateral distance

may be less than half the width of the host vehicle.
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The method further may further comprise: giving each boundary node
at least one boundary condition, such as required lateral velocity, tolerance in
lateral position, and/or tolerance in time.

The graph-search algorithm may be an A* search algorithm.

The method may further comprise: providing a control signal to an
automatic steering system and/or automatic braking system of the host
vehicle based on the selected evasive path.

The method may further comprise: providing a risk assessment output
signal based on the selected evasive path.

According to a second aspect of the present invention, there is
provided a computer program product comprising code configured to, when
executed by a processor or an electronic control unit, perform the method
according to any one of the preceding claims. This aspects may exhibit the
same or similar feature and/technical effects as the first aspect. The code
may be stored on a computer readable medium.

According to a third aspect of the present invention, there is provided
vehicle comprising an electronic control unit configured to perform the method
according to the first aspect. This aspects may exhibit the same or similar
feature and/technical effects as the first and second aspects. The electronic
control unit may further be configured to provide a control signal based on the
selected evasive path, wherein the vehicle further comprises an active safety
system adapted to automatically control the vehicle based on said control
signal.

Further features of, and advantages with, the present invention will
become apparent when studying the appended claims and the following
description. The skilled addressee realize that different features of the present
invention may be combined to create embodiments other than those
described in the following, without departing from the scope of the present

invention.

BRIEF DESCRIPTION OF THE DRAWINGS
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These and other aspects of the present invention will now be described
in more detail, with reference to the appended drawings showing exemplary
embodiments of the present invention, in which:

Fig. 1 is a flowchart of a method for determining an evasive path for a
host vehicle.

Figs. 2a-b show a predicted traffic environment in a time-lateral
position domain.

Fig. 3 shows an exemplary closed spline and the associated position,
velocity, acceleration and jerk.

Fig. 4 shows an exemplary open spline and the associated position,
velocity, acceleration and jerk.

Fig. 5 is a schematic view of a vehicle.

Fig. 6 is an exemplary scenario for a method for providing an object
prediction representation.

DESCRIPTION OF EXEMPLARY EMBODIMENTS

The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which exemplary embodiments of
the invention are shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the embodiments set
forth herein; rather, these embodiments are provided for thoroughness and
completeness, and fully convey the scope of the invention to the skilled
addressee. Like reference characters refer to like elements throughout.

Fig. 1 is a flowchart of a method for determining an evasive path for a
host vehicle.

In step S1, a predicted traffic environment 12 for the host vehicle 10 is
established in a time-lateral position domain t-y, see figs. 2a-b. The predicted
traffic environment 12 comprises a traffic object 14. The traffic object 14 is
moving. The traffic object 14 may for example be another vehicle. The traffic
object 14 is represented in the time-lateral position domain by an object
prediction representation 16. The object prediction representation 16 of the
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traffic object 14 includes a set of points 18 connected by straight lines 20,
here resulting in a parallelogram-shaped object prediction representation 16.

An exemplary way to determining the object prediction representation
is disclosed in applicant’s co-pending patent application entitled “METHOD
FOR PROVIDING AN OBJECT PREDICTION REPRESENTATION?, the
contents of which herein is incorporated by reference. The method disclosed
in “METHOD FOR PROVIDING AN OBJECT PREDICTION
REPRESENTATION” comprises: establishing host vehicle 126 in a
longitudinal-lateral coordinate system at a starting time t0, the host vehicle
being represented by at least one reference point 110a, 110b in the
coordinate system; detecting an object, and establishing the object in the
coordinate system at the starting time t0, the object being represented by a
plurality of object reference points 112a-d along the perimeter of the object,
wherein movement of the object is determined; simulating movement of the
host vehicle and the object in the longitudinal-lateral coordinate system based
on their initial positions at the starting time t0 and a (longitudinal) movement
114 of the host vehicle and the determined movement 116 of the object,
wherein points in time t0-n when the at least one reference point of the host
vehicle and an object reference point of the plurality of object reference points
have the same longitudinal position are detected, and wherein for each
detected point in time an associated lateral position y1-n of the object
reference point at the detected point in time is detected; and establishing the
object prediction representation 118 in a time-lateral domain based on the
detected points in time and the associated lateral positions. Fig. 6 shows an
exemplary scenario using the method for providing the object prediction
representation.

Returning to figs. 1 and 2a-b, the traffic object 14 may be detected
using external sensors, such as cameras and/or radar sensors, on the host
vehicle 10, and the object prediction representation 16 may be determined
using the host vehicle’s electronic control unit (ECU).

The predicted traffic environment 10 further comprises two additional
traffic object 22a-b. The two additional traffic objects may be stationary. In the
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present example, the two additional traffic object 22a-b are lane markings.
Each lane marking may be represented by two points 18’ connected by a
straight line 20'.

In step S2, a start node 24 of the host vehicle 10 in the predicted traffic
environment 12 is determined, based on its initial position relative to the traffic
object. The start node 24 has host vehicle initial conditions. Specifically, the
start node 24 has a start time and a start lateral position, which in the time-
lateral position domain of fig. 2a-b coincides with origin. The start node 24
may also have at least one additional condition, such as an initial lateral
motion. But in the present example the initial lateral motion is zero.

In step S3, an end node 26 of the host vehicle 10 in the predicted
traffic environment 12 is defined. The end node 26 has desired end
conditions. Specifically, the end node 26 may have an end time, but no pre-
defined end lateral position. In other words, the end node 26 has a tolerance
in lateral position. The end lateral position is up for the present method to
determine. In the present example the end time is five seconds.

In step S4, several boundary nodes 28a-d are placed around the object
prediction representation 16, see fig. 2b. Each boundary node 28a-d is placed
a predetermined lateral distance from a respective corner of the object
prediction representation 16, as illustrated in fig. 2b. The predetermined
lateral distance may be half the width of the host vehicle plus a predetermined
safety margin. Likewise, boundary nodes 28e-h may be placed the
predetermined lateral distance from the points 18 indicating the lane
markings. Basically, boundary nodes can be created for any type of object
that can be represented by a set of points, connected by straight lines, in the
t-y space. This flexibility in input makes the present method suitable for a
plurality of functions and applications. Each boundary node 28a-h may also
have at least one boundary condition, such as a required lateral velocity,
tolerance in lateral (y) position, tolerance in time, etc. The at least one
boundary conditions may affect node connections to and/or from the
boundary nodes, see further below.
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In step S5, various node connections are set between the start node
24, the boundary nodes 28a-h, and the end node 26. For example, one node
connection is a straight horizontal line 30 in the time-lateral position domain
going directly from the start node 24 to the end node 26. Other node
connections may be splines. A spline is a smooth polynomial function, and
the spline may consist of one or more segments. For example, the node
connection between the start node 24 and the boundary node 28f of the lower
lane marking may be a spline 32. Between the start node 24 and the
boundary node 28a of the object prediction representation 16, there may be
two splines 34a and 34b. Spline 34a is open-state, and spline 34b is closed-
state, as will be explained further below. Likewise, there is both an open-state
spline 36a and a closed-state spline 36b between the start node 24 and
boundary node 28d. There may also be a subsequent node connection 38
from boundary node 28d to boundary node 28g of the upper lane marking.
The node connection 38 is also a spline, and 36a and 38 together make up a
complete path. There could also be a straight node connection 40 from the
boundary node 28d to the end node 26. There may also be a node
connection/spline 42 from the start node 24 to the boundary node 28c. The
node connections 30,32,34a-b,36a-b,38,40,42 define a connectivity map for
the predicted traffic environment 12.

There may also be rules, applicable to different traffic problems, which
rules ensure that some node connections are not set in the connectivity map,
though they might be theoretically possible. This reduces the search space
and ensures quicker processing in the next step S6. Examples of such rules
include: no node connections backwards in time, no node connections from a
stationary object to a moving object, no node connections between two
boundary nodes of the same moving object, etc.

Further, each spline may have piecewise constant magnitude of lateral
jerk, see figures 3-4. Jerk is defined as the rate of change of acceleration.
That is, the derivative of acceleration with respect to time, the second
derivative of velocity, or the third derivative of position. This is illustrated in fig.
3, which shows position 44, velocity 46, acceleration 48 and jerk 50 for a



WO 2015/169907 PCT/EP2015/060082

10

15

20

25

30

9

spline 44 over time, wherein jmax = | jmin| - The spline 44 ends with a lateral
motion equal to zero (velocity = 0), whereby it is designated as closed-state,
like splines 34b and 36b in fig. 2b. Fig. 4 shows position 44’, velocity 46,
acceleration 48’ and jerk 50’ for another spline 44’ over time, wherein jmax =

| jmin| , albeit the value may be different than in fig. 3. The spline 44’ ends with
a lateral motion other than zero (velocity # 0), whereby it is designated as
open-state, like splines 34a and 36a in fig. 2.

Whether a spline is closed-state or open-state may be governed by the
boundary condition(s) of the boundary node in question. For example, in fig.
2b boundary node 28c may have a boundary condition that required lateral
velocity is zero, whereby spline 42 becomes closed-state. Further, boundary
node 28d may not have any required lateral velocity, whereby both closed-
state spline 36b and open-state spline 36a can be set. Open-state node
connections are typically only used for the closest traffic object, and more
specifically for the closest boundary nodes of the closest traffic object, for
example boundary nodes 28a and 28d for traffic object 14.

The boundary condition may also affect the number of segments of the
spline. For example, spline 36b has more segments than spline 36a.
Consequently, if boundary node 28d had a required lateral velocity not equal
to zero resulting in that only open-state spline 36a could be set, that would
mean fewer segments than if boundary node 28d had a required lateral
velocity equal to zero resulting in that only closed-state spline 36b could be
set.

Furthermore, boundary node 28g could be a line node, which has a
tolerance in time (boundary condition), whereby spline 38 could be
designated as line-state. A line node may be placed wherever the distance in
time between two points of an object exceeds a certain threshold. Hence,
line-state splines may be used for long traffic objects, such as the lane
markings 22a-b, or a moving traffic objects that extend over a long time. A
line-state spline aims to become tangential to the traffic object, whereby the
lateral velocity and acceleration (boundary conditions) of the corresponding
line node may be fixed.
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It is also noted in fig. 2b that any lateral motion at the end of a node
connection is carried over to the start of a subsequent node connection. For
example, the end of spline 36a at boundary node 28d has the same lateral
motion as the beginning of the subsequent spline 38 leaving boundary node
28d.

Returning to fig. 1, in step S6 the nodes of the connectivity map are
traversed using a graph-search algorithm, in order to reach the end time with
the objective of minimizing a cost function, for example maximum lateral jerk.
The path (i.e. the node connection or interconnected node connections)
between the start node 24 and the end node 26 which has the lowest
maximum lateral jerk and which avoids collision with the objects 14 and 22a-b
is then selected as the evasive path for the host vehicle 10. Using a graph-
search algorithm ensures that the end time is quickly reached, whereby the
most suitable path can be found without having to traverse all possible
paths/node connections. An A* search algorithm may for example be used.
However, also other graph search algorithms may be used. Furthermore,
instead of maximum lateral jerk, maximum lateral acceleration or sum of
lateral movement could be used as the cost function, for example.

In the present example of fig. 2b, node connections 30 and 32 are
disregarded as they pass through the object predictions representation 16.
Node connection 42 may also be disregarded since it passes inside the
boundary node 28d. Further, there is no point in continue with node
connection 34a from boundary point 28a since a boundary condition of lateral
velocity is likely violated given the lower lane marking. Roughly speaking,
should the host vehicle 10 take this path it may end up crossing the lane
marking. There is no point in continue with node connection 34b from
boundary point 28a since the maximum lateral jerk appears indeed higher
than for node connections 36a-b. Turning then to node connections 36a-b,
node connection 36a can continue with node connection 38 and reach the
end node 26 node without colliding with any of the objects 14 and 22a-b.
Likewise connection 36b could continue with node connection 40 and also
reach the end node 36 without collision. However, the graph-search algorithm
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here selects node connections 36a+38 as the evasive path, since the
maximum lateral jerk for path 36a+38 is lower than for path 36b+40. In
particular, the closed-state node connection 36b requires some more turning
of the host vehicle 10 than open-state node connection 36a. However, if the
upper/left lane marking is moved closer to the host vehicle 10, the end time of
node connection 38 will move backwards, and the path 36b+40 will eventually
become the lowest cost path.

In an optional step S7, a control signal to an active safety system, such
as an automatic steering system 52 and/or automatic braking system 54 (see
fig. 5), of the host vehicle 10 based on the selected evasive path may be
provided. In this way, the host vehicle 10 may automatically follow the
selected evasive path. Alternatively, a risk assessment output signal based
on the selected evasive path may be provided. For example, for auto braking
applications, the lateral threat (severity of the lateral escape path) may be
used as a trigger condition. This threat is found from evaluating the generated
escape path (finding maximum lateral acceleration/jerk). Since the generated
escape path has a high fidelity (it is has a smooth, steerable characteristic),
the threat given will be a good approximation of what a driver would be able
to do in the given situation.

The present method may be embodied in a computer program product
56 comprising code configured to, when executed by a processor or the ECU,
perform the method. The code may be stored on a computer readable
medium (not shown). The ECU may in turn be arranged in the host vehicle
10, as illustrated in fig. 5. The host vehicle 10 may for example be a car or a
truck or a bus. The host vehicle 10 may be an autonomous vehicle. The
aforementioned external sensors, such as cameras and/or radar sensors, are
designated by reference sign 58 in fig. 5.

Furthermore, the method present is completely deterministic (requires
no stochastic optimization) and is therefore quick and well suited for
implementation in production vehicles. Additionally, it can handle any type of
object, moving or static, as long as a faithful representation can be done with
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the proposed object representation (a set of points connected by straight lines
in t-y space).

Furthermore, even though only one moving traffic object has been
shown in fig. 2, the present method may also determine an evasive path for
the host venhicle in a predicted traffic environment with several moving traffic
objects.

Even though the invention has been described with reference to
specific exemplifying embodiments thereof, many different alterations,
modifications and the like will become apparent for those skilled in the art.
Variations to the disclosed embodiments can be understood and effected by
the skilled addressee in practicing the claimed invention, from a study of the
drawings, the disclosure, and the appended claims.

Furthermore, in the claims, the word "comprising” does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude

a plurality.
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CLAIMS

1. A method for determining an evasive path for a host vehicle
(10), the method comprising:

- establishing (S1) a predicted traffic environment (12) of the host
vehicle in a time-lateral position domain, the predicted traffic environment
comprising an object prediction representation (16) of a traffic object;

- determining (S2) a start node (24) for the host vehicle, the start node
representing a start time and a start lateral position in the predicted traffic
environment;

- defining (S3) an end node (26) for the host vehicle, the end node
representing an end time in the predicted traffic environment;

-placing (S4) several boundary nodes (28) relative to the object
prediction representation in the predicted traffic environment between the
start node and the end node;

- setting (S5) node connections (30,32,34a-b,36a-b,38,40,42) between
the start node, the boundary nodes, and the end node, thereby defining a
connectivity map with possible node connections in the predicted traffic
environment; and

- traversing (S6) the nodes using a graph-search algorithm in order to
find a path from the start node to the end node with a lowest cost, whereby
the path with the lowest cost is selected as the evasive path for the host

vehicle.

2. The method according to claim 1, wherein the lowest cost is the

lowest cost of maximum lateral jerk.

3. The method according to claim 1 or 2, wherein said node

connections include splines.

4. The method according to claim 2 and 3, wherein each spline has

a piecewise constant magnitude of lateral jerk.
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5. The method according to any of the preceding claims, wherein
any lateral motion at the end of a node connection is carried over to the start

of a subsequent node connection.

6. The method according to any of the preceding claims, wherein
any node connections passing through the object prediction representation
are disregarded when traversing the nodes.

7. The method according to any of the preceding claims, wherein
the object prediction representation of the traffic object includes a set of
points connected by straight lines, and wherein each boundary node is placed
a predetermined lateral distance from a respective corner of the object
prediction representation.

8. The method of claim 7, wherein the predetermined lateral
distance is half the width of the host vehicle and an additional predetermined
safety margin.

9. The method of claim 8, wherein the predetermined safety
margin is in the range of 0 — 1 m.

10.  The method according to any preceding claim, which method
further comprises:
- giving each boundary node at least one boundary condition.

11.  The method of claim 10, wherein the at least one boundary
condition is selected from the group comprising: required lateral velocity,

tolerance in lateral position, and tolerance in time.
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12.  The method according to any preceding claim, wherein the
graph-search algorithm is an A* search algorithm.

13. The method according to any of the preceding claims, further
comprising:

- providing a control signal to an automatic steering system (52) and/or
automatic braking system (54) of the host vehicle based on the selected

evasive path.

14.  The method according to any of the preceding claims, further
comprising:
- providing a risk assessment output signal based on the selected

evasive path.

15. A computer program product (56) comprising code configured
to, when executed by a processor or an electronic control unit, perform the
method according to any one of the preceding claims.

16.  The computer program product according to claim 15, wherein
the code is stored on a computer readable medium.

17. A vehicle (10) comprising an electronic control unit configured to
perform the method according to any one of the claims 1-14.

18.  The vehicle according to claim 17, wherein the electronic control
unit is further configured to provide a control signal based on the selected
evasive path, and wherein the vehicle further comprises an active safety
system adapted to automatically control the vehicle based on said control
signal.
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