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[DESCRIPTION]

[Title of Invention]

SYSTEM AND METHOD FOR CONTROLLING MOTION OF AN EGO
VEHICLE

[Technical Field]

[0001] The present disclosure relates generally to vehicle control systems,
and more particularly to a system and a method for controlling motion of an
ego vehicle.

[Background Art]

[0002] Automated vehicles operate in environments that are occupied by
other “actors”, such as other vehicles, bicycles, pedestrians, and the like.
Automated Driving System (ADS) associated with an Ego Vehicle (EV)
acquires information regarding the environment from on-board sensors or
remote-connected sensors. Based on the acquired information, the ADS
predicts future behavior of the environment and determines the best action that
the EV shall execute in the environment. Such actions must account for (i) EV
behavior with respect to the environment, (ii) existing traffic rules, and (iii)
specifications on the EV operation that impose constraints on motion of the EV
to ensure comfort of passengers of the EV.

[0003] In determining the actions for the EV, the ADS assumes that the
information acquired from the on-board sensors or the remote-connected
sensors is correct and complete, and the future behavior of the environment is
correctly predicted. However, both the sensing and the prediction have
limitations. For instance, a sensor may incorrectly classify an obstacle on a road,
or the sensor may not detect an existing obstacle on the road, or an obstacle
may be outside of a sensing range/field of view of the sensor. As other examples,
an obstacle detected as stopped on a side of the road may be predicted to

continue being stopped outside of the road, while suddenly the obstacle decides
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merging in traffic as the EV approaches, a vehicle may be predicted to continue
being in the same lane, while instead the vehicle changes lane in front of the
EV, a pedestrian predicted to remain outside of the road suddenly crosses the
road in front of the EV. The aforesaid examples describe unexpected events
with respect to the sensed and the predicted future behavior of the environment
that the ADS used to plan the actions for the EV.

[0004] Despite such unexpected events, the EV must be maintained safe,
i.e., collisions must be avoided, and certain key traffic rules must also be
enforced. However, some lesser important criteria, such as lower importance
traffic rules or specifications aimed at driver comfort, may be violated to
maintain safety in face of the unexpected conditions. As an example, in a
situation where the EV travels on a left lane and other vehicles travel on a right
lane, the ADS computes a nominal plan based on a prediction that the other
vehicles maintain their lanes. However, an actual motion of one of the other
vehicles may cut in front of the EV, in a way that could lead to a collision. In
this caée, the ADS must engage an evasive maneuver that avoids entering a
zone where there is risk of collision between the EV and the other vehicle.
However, the evasive maneuver may be an aggressive sway maneuver that
drives on road shoulder, where normally a vehicle should not drive but it may
be acceptable as an emergency, as long as such road shoulder is free.

[0005] For controlling the EV in the environment, some approaches
determine actions that satisfy (i)-(iii), even for the unexpected events. However,
such actions may end up being conservative, resulting in the ADS commanding
the EV not to move for “fear” that something unexpected may happen, meaning
that it is difficult to satisfy (i)-(iii) under the unexpected events. Further,
significant amount of computing time is consumed in determining such actions,
which is counterproductive when the ADS must quickly react to an unexpected

event. For instance, within a communication and computation period of 0.5s,
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which is still short for planning in the unexpected events, a vehicle driving at
54km/h moves 7.5m, which may be a large loss of maneuvering space to avoid
a collision with an obstacle appearing immediately ahead.

[0006] Therefore, there is still need for a system and a method capable of
maintaining safety in presence of the unexpected events in the environment.
[Summary of Invention|

[0007] It is an object of some embodiments to provide a system and a
method for controlling motion of an ego vehicle while ensuring comfort and
safety of passengers of the ego vehicle. Such a motion is referred herein to as
nominal movement of the ego vehicle. As used herein, the ego vehicle may be
any type of wheeled vehicle, such as a passenger car, a bus, or a rover. The ego
vehicle may be an autonomous vehicle or a semi-autonomous vehicle. The
nominal movement of the ego vehicle is governed by constraints and/or
movement objectives. In case of the autonomous or semi-autonomous vehicles,
the constraints and movement objectives can include staying on a road, staying
in middle of a lane, maintaining nominal longitudinal velocity, and maintaining
margin to surrounding objectives.

[0008] Additionally, it is an object of some embodiments to provide a
system and a method for controlling the motion of the ego vehicle that
anticipates and timely reacts to various scenarios that can potentially disrupt
the constraints and the movement objectives of the nominal movement. Such a
scenario is referred to herein as a fault scenario or just as a fault. For example,
when a car abruptly slows down in front of the ego-vehicle under control, it
may be prudent to suddenly decelerate the ego-vehicle or swerve the ego
vehicle to shoulder of a road even if such sudden maneuver may cause
discomfort to the passengers or violate the constraint on maintaining the ego
vehicle in driving lanes. As can be seen in this example, safety constraints

prevail over the comfort of the passengers.
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[0009] In some embodiments, the fault is a hypothetical scenario where
the safety constraints of the nominal movement may be violated if an evasive
maneuver is not performed. Additionally or alternatively, the fault is a scenario
not considered or anticipated during planning of the nominal movement. Such
a scenario may arise when a controller of the ego vehicle responsible for the
nominal movement predicts a current state and a future state of the motion of
the ego vehicle on the road, but a neighboring vehicle suddenly changes its lane
in a way which has not been anticipated by the controller, a pedestrian starts
crossing the road outside of crosswalk, and/or when a sensor system of the ego-
vehicle fails to correctly sense surrounding environment. Additionally or
alternatively, the fault is a scenario causing an abrupt change of the nominal
movement. For example, the controller may receive a sudden command from a
driver or the passenger of the ego-vehicle requesting an immediate stop.
Additionally or alternatively, the fault is a scenario requiring an immediate
reaction of the controller, such as the ego vehicle encountering a mechanical or
electrical failure of some of its component, requesting immediate stop to
preserve safety.

[0010] To that end, it is an objective of some embodiments to control the
nominal movement of the ego vehicle in the case when there is no fault, and to
execute the evasive maneuver in case of the fault. To achieve such an objective,
the present disclosure provides a nominal controller and an evasive controller.
The nominal controller is configured to control the nominal movement of the
ego vehicle subject to a nominal constraint. The evasive controller is configured
to control an evasive maneuver of the ego vehicle subject to an evasive
constraint different from the nominal constraint. Examples of the evasive
maneuver include emergency stop, emergency lane change, emergency double

lane change, emergency slowdown, and emergency speed-up.
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[0011] The nominal controller and the evasive controller use different
control designs for nominal control and evasive control. For example, the
nominal controller is based on principles of optimal control for controlling the
nominal movement to improve efficiency in achieving the objective of the
vehicle motion and the evasive controller is based on principles of reactive
feedback control for controlling the evasive maneuver to react to the fault,
Specifically, some embodiments are based on the realization that the evasive
maneuver can be represented by a state update function dependent on a control
parameter. The state update function can be determined in advance, while a
value of the control parameter can be determined during controlling of the ego
vehicle. Examples of the control parameter include values of stop point, lateral
displacement, target velocity, and the like. The difference of a control
parameter with a control signal, is that the control parameter remains constant
during a maneuver while the control signal may vary during the maneuver.
Thus, a maneuver defined by control signal requires definition of many values,
while a maneuver defined by a control parameter, requires definition of a single
value. Different evasive maneuvers may use different control parameters. In
such a manner, the nominal controller and the evasive controller are
disentangled.

[0012] The reactive feedback control for the evasive maneuver is
advantageous because when the control parameter is determined, evaluation of
the state function with the control parameter is fast. Hence, an evasive control
command for the evasive maneuver can be determined promptly. However,
despite this advantage, disentanglement of the nominal controller and the
evasive controller creates additional problems addressed by some embodiments.
- [0013] An evasive maneuver depends on a state of the ego vehicle and on
a state of an environment of motion of the ego vehicle. For example, an

emergency lane change may depend on a speed of the ego vehicle, presence of
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other vehicles and/or pedestrians limiting admissible space for turning the ego
vehicle, and the like. For different values of the state of the ego vehicle and the
state of the environment, different values of the control parameter, such as
lateral displacement, may allow the evasive maneuver to succeed. Moreover,
for some values of the state of the ego vehicle and the state of the environment,
such a control parameter may not exist, i.e., the value of such a control
parameter may be outside of a range of its admissible values. Hence, there is a
need to determine a value of the control parameter allowing the evasive
maneuver to succeed.

[0014] Conversely, the evasive controller controls the motion of the ego
vehicle only in case of the fault. If no fault is detected, the nominal movement
is controlled by the nominal controller. If the nominal controller operates under
an assumption of no fault, the nominal controller may place the ego vehicle in
a state where no evasive maneuver succeeds. Hence, there is a need to avoid
such a scenario while maintaining the disentanglement of the nominal
controller and the evasive controller.

[0015] Some embodiments are based on the realization that a feedback
signal indicative of a current state of the ego vehicle and a current state of the
environment of motion of the ego vehicle can be processed to determine a
region of the state of the ego vehicle uplifted with admissible values of the
control parameter allowing an evasive maneuver to succeed in case of detecting
the fault, For an evasive maneuver to succeed means that a corresponding
evasive maneuver avoids endangering safety of the ego vehicle, which amounts
to satisfy the evasive constraint, When such a region of the state of the ego
vehicle is determined, the region can be constructed as a constraint for the
nominal controller forcing it to produce a nominal control command
maintaining the state of the ego vehicle within the region of the state of the ego

vehicle. Using the region of the state of the ego vehicle as an additional
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constraint preserves the disentanglement of the nominal controller and the
evasive controller, while providing certainty that there is always at least a value
of the control parameter of the evasive maneuver that is admissible, and hence
that the evasive maneuver will succeed.

[0016] The value of the control parameter is governed by the region of
the state of the ego vehicle uplifted with admissible values of the control
parameter. Using the region of the state of the vehicle, the nominal controller
can determine the value of the control parameter, e.g., as part of the
optimization problem. Such an approach simplifies execution of the evasive
controller. Additionally or alternatively, the value of the control parameter for
the evasive controller is selected according to the region of the state of the ego
vehicle, based on the state of the ego vehicle when the fault is detected.

[0017] The region of the state of the ego vehicle uplifted with admissible
values of the control parameter can be determined before the fault is detected,
e.g., concurrently with the operation of the nominal controller. Thus, no
computational time is wasted in case of detecting the fault. Also, the
determination of the region of the state of the ego vehicle can be executed
before the ego vehicle operates, and the evaluation of the region of the state of
the ego vehicle is computationally cheaper than the evaluation of results of the
evasive control command.

[0018] Accordingly, one embodiment discloses a control system for
controlling motion of an ego vehicle. The control system comprises a memory
configured to store a nominal controller for controlling a nominal motion of the
ego vehicle subject to a nominal constraint and an evasive controller for
controlling an evasive maneuver of the ego vehicle subject to an evasive
constraint different from the nominal constraint, wherein the nominal controller
is configured to produce a nominal control command according to a movement

objective of the ego vehicle, wherein the evasive controller is configured to
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produce an evasive control command by evaluating a state function of a control
parameter; and a processor coupled with executable instructions, when
executed by the processor, cause the control system to: collect a feedback signal
indicative of a current state of the ego vehicle and a current state of an
environment of motion of the ego vehicle; process the feedback signal to
determine a region of the state of the ego vehicle uplifted with admissible
values of the control parameter allowing the evasive maneuver to satisfy the
evasive constraint in case of detecting a fault; process the feedback signal with
the nominal controller to produce the nominal control command maintaining
the state of the ego vehicle within the determined region of the state of the ego
vehicle; evaluate the state function of the evasive controller with a value of the
control parameter from the determined region of the state of the ego vehicle to
produce the evasive control command; and control the motion of the ego
vehicle according to the nominal control command when the fault is not
detected; and otherwise control the motion of the ego vehicle according to the
evasive control command.

[0019] Accordingly, another embodiment discloses a method for
controlling motion of an ego vehicle, wherein the method uses a processor
coupled to a memory storing a nominal controller for controlling a nominal
motion of the ego vehicle subject to a nominal constraint and an evasive
controller for controlling an evasive maneuver of the ego vehicle subject to an
evasive constraint different from the nominal constraint, wherein the nominal
controller is configured to produce a nominal control command according to a
movement objective of the ego vehicle, wherein the evasive controller is
configured to produce an evasive control command by evaluating a state
function of a control parameter, the processor is coupled with stored
instructions when executed by the processor carry out steps of the method,

comprising: collecting a feedback signal indicative of a current state of the ego
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vehicle and a current state of an environment of motion of the ego vehicle;
processing the feedback signal to determine a region of the state of the ego
vehicle uplifted with admissible values of the control parameter allowing the
evasive maneuver to satisfy the evasive constraint in case of detecting a fault;
processing the feedback signal with the nominal controller to produce the
nominal control command maintaining the state of the ego vehicle within the
determined region of the state of the ego vehicle; evaluating the state function
of the evasive controller with a value of the control parameter from the
determined region of the state of the ego vehicle to produce the evasive control
command; and controlling the motion of the ego vehicle according to the
nominal control command when the fault is not detected; and otherwise
controlling the motion of the ego vehicle according to the evasive control
command.

[0020] Accordingly, yet another embodiment discloses a non-transitory
computer readable storage medium embodied thereon a program executable by
a processor for performing a method, the storage medium stores a nominal
controller for controlling a nominal motion of the ego vehicle subject to a
nominal constraint and an evasive controller for controlling an evasive
maneuver of the ego vehicle subject to an evasive constraint different from the
nominal constraint, wherein the nominal controller is configured to produce a
nominal control command according to a movement objective of the ego
vehicle, wherein the evasive controller is configured to produce an evasive
control command by evaluating a state function of a control parameter, the
program when executed by the processor carry out steps of the method,
comprising: collecting a feedback signal indicative of a current state of the ego
vehicle and a current state of an environment of motion of the ego vehicle;
processing the feedback signal to determine a region of the state of the ego

vehicle uplifted with admissible values of the control parameter allowing the
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evasive maneuver to satisfy the evasive constraint in case of detecting a fault;
processing the feedback signal with the nominal controller to produce the
nominal control command maintaining the state of the ego vehicle within the
determined region of the state of the ego vehicle; evaluating the state function
of the evasive controller with a value of the control parameter from the
determined region of the state of the ego vehicle to produce the evasive control
command; and controlling the motion of the ego vehicle according to the
nominal control command when the fault is not detected; and otherwise
controlling the motion of the ego vehicle according to the evasive control
command, |

[Brief Description of Drawings]

[0021]

[Fig. 1A]

FIG. 1A illustrates a block diagram for controlling motion of an ego vehicle,
according to some embodiments of the present disclosure.

[Fig. 1B]

FIG. 1B shows a block diagram of functions executed by a control system for
controlling the motion of the ego-vehicle, according to some embodiments of
the present disclosure.

[Fig. 1C]

FIG. 1C shows a block diagram of functions executed by a control system for
controlling the motion of the ego-vehicle, according to some embodiments of
the present disclosure.

[Fig. 2]

FIG. 2 illustrates a table including different pre-defined faults, according to an
embodiment of the present disclosure.

[Fig. 3]
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FIG. 3 shows a schematic for controlling the ego-vehicle using the table,
when a fault is detected, according to some embodiments of the present
disclosure.

[Fig. 4]

FIG. 4 shows a block diagram for selecting an evasive controller, according to
an embodiment to the present disclosure.

[Fig. 5A]

FIG. 5A shows a block diagram for determining a safe region, according to
some embodiment of the present disclose.

[Fig. 5B]

FIG. 5B shows a block diagram for computing the safe region as a convex
safe region, according to some embodiments of the present disclosure.

[Fig. 5C]

FIG. 5C shows a block diagram for computing the safe region as a convex
safe region, according to some embodiments of the present disclosure.

[Fig. 6]

FIG. 6 shows a block diagram for determining a control command for the ego
vehicle, according to some embodiments of the present disclosure.

[Fig. 7A]

FIG. 7A illustrates an autonomous driving scenario, according to some
embodiments of the present disclosure,

[Fig. 7B]

FIG. 7B illustrates an evasive maneuver that avoids a risk zone, according to
some embodiments of the present disclosure.

[Fig. 8]

FIG. 8 shows a scenario similar to FIG. 7A, where regions of states of the ego
vehicle and controller parameters are shown, according to some embodiments

of the present disclosure.
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[Fig. 9]

FIG. 9 shows a block diagram of a control system for controlling motion of
the ego vehicle, in accordance with some embodiments of the present
disclosure.

[Description of Embodiments]

[0022] The presently disclosed embodiments will be further explained
with reference to the attached drawings. The drawings shown are not
necessarily to scale, with emphasis instead generally being placed upon
illustrating the principles of the presently disclosed embodiments.

[0023] In the following description, for purposes of explanation,
numerous specific details are set forth in order to provide a thorough
understanding of the present disclosure. It will be apparent, however, to one
skilled in the art that the present disclosure may be practiced without these
specific details. In other instances, apparatuses and methods are shown in block
diagram form only in order to avoid obscuring the present disclosure.

[0024] As used in this specification and claims, the terms “for example,”
“for instance,” and “such as,” and the verbs “comprising,” ‘“having,”
“including,” and their other verb forms, when used in conjunction with a listing
of one or more components or other items, are each to be construed as open
ended, meaning that that the listing is not to be considered as excluding other,
additional components or items. The term “based on” means at least partially
based on. Further, it is to be understood that the phraseology and terminology
employed herein are for the purpose of the description and should not be
regarded as limiting. Any heading utilized within this description is for
convenience only and has no legal or limiting effect.

[0025] It is an object of some embodiments to control motion of an ego
vehicle while ensuring comfort and safety of passengers of the ego vehicle.

Such a motion is referred herein to as nominal movement of the ego vehicle.
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The nominal movement of the ego vehicle is governed by constraints and/or
movement objectives. In case of autonomous or semi-autonomous vehicles, the
constraints and movement objectives can include staying on a road, staying in
middle of a lane, maintaining nominal longitudinal velocity, and maintaining
margin to surrounding objectives.

[0026] Additionally, it is an object of some embodiments to provide a
system and a method for controlling the motion of the ego vehicle that
anticipates and timely reacts to various scenarios that can potentially disrupt
the constraints and the movement objectives of the nominal movement. Such a
scenario is referred to herein as a fault scenario or just as a fault. For example,
when a car abruptly slows down in front of the ego-vehicle under control, it
may be prudent to suddenly decelerate the ego-vehicle or swerve the ego
vehicle to shoulder of a road even if such sudden maneuver may cause
discomfort to the passengers or violate the constraint on maintaining the ego
vehicle in driving lanes. As can be seen in this example, safety constraints
prevail over the comfort of the passengers.

[0027] In some embodiments, the fault is a hypothetical scenario where
the safety constraints of the nominal movement may be violated if an evasive
maneuver is not performed. Additionally or alternatively, the fault is a scenario
not considered or anticipated during planning of the nominal movement. Such
a scenario may arise when a controller of the ego vehicle responsible for the
nominal movement predicts a current state and a future state of the motion of
the ego vehicle on the road, but a neighboring vehicle suddenly changes its lane
in a way which has not been anticipated by the controller, a pedestrian starts
crossing the road outside of crosswalk, and/or when a sensor system of the ego-
vehicle fails to correctly sense surrounding environment. Additionally or
alternatively, the fault is a scenario causing an abrupt change of the nominal

movement. For example, the controller may receive a sudden command from a
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driver or the passenger of the ego-vehicle requesting an immediate stop.
Additionally or alternatively, the fault is a scenario requiring an immediate
reaction of the controller, such as the ego vehicle encountering a mechanical or
electrical failure of some of its component, requesting immediate stop to
preserve safety.

[0028] To that end, it is an object of some embodiments to provide a
system for controlling the nominal movement of the ego vehicle in the case
when there is no fault and to execute the evasive maneuver in case of the fault.
Such a system is described below in FIG. 1A.

[0029] FIG. 1A illustrates a block diagram 100 for controlling motion of
an ego vehicle 111, according to some embodiments of the present disclosure.
A control system 101 is communicatively coupled to the ego vehicle 111. As
used herein, the ego vehicle 111 may be any type of wheeled vehicle, such as a
passenger car, a bus, or a rover. The ego vehicle 111 may be an autonomous
vehicle or a semi-autonomous vehicle.

[0030] The control system 101 includes a processor 103 and a memory
105. The processor 103 may be a single core processor, a multi-core processor,
a computing cluster, or any number of other configurations. The memory 105
may include random access memory (RAM), read only memory (ROM), flash
memory, or any other suitable memory systems. Additionally, in some
embodiments, the memory 105 may be implemented using a hard drive, an
optical drive, a thumb drive, an array of drives, or any combinations thereof.
The memory 105 is configured to store a nominal controller 107 and an evasive
controller 109. The nominal controller 107 is configured to control a nominal
movement of the ego vehicle 111 subject to a nominal constraint. The evasive
controller 109 is configured to control an evasive maneuver of the ego vehicle
111 subject to an evasive constraint different from the nominal constraint.

Examples of the evasive maneuver include emergency stop, emergency lane
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change, emergency double lane change, emergency slowdown, and emergency
speed-up. The control system 101 is configured to control the motion of the
ego-vehicle 111. The control system 101 executes functions described below
in FIGs. 1B and 1C to control the motion of the ego-vehicle 111.

[0031] FIGs. 1B and 1C show a block diagram of functions executed by
the control system 101 for controlling the motion of the ego-vehicle 111,
according to some embodiments of the present disclosure. The nominal
controller 107 and the evasive controller 109 use different control theories for
nominal control and evasive control. For example, the nominal controller 107
is based on principles of optimal control for controlling the nominal movement
to improve control efficiency and the evasive controller 109 is based on
principles of reactive feedback control for controlling the evasive maneuver to
improve reaction to the fault. Specifically, some embodiments are based on a
realization that the evasive maneuver can be represented by a state function
dependent on a control parameter. The state function can be determined in
advance, while a value of the control pafameter can be determined during
control of the ego vehicle 111. Examples of the control parameter include
values of stop point, lateral displacement, target velocity, and the like. The
difference of the control parameter with a control signal, is that a value of the
control parameter remains constant through the evasive maneuver while the
control signal may vary during the evasive maneuver. Thus, the evasive
maneuver defined by the control signal requires definition of many values,
while the evasive maneuver defined by the control parameter, requires
definition of a single value. Different evasive maneuvers may use different
control parameters. In such a manner, the nominal controller 107 and the
evasive controller 109 are disentangled.

[0032] The reactive feedback control for the evasive maneuver is

advantageous because when the control parameter is determined, evaluation of
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the state function with the control parameter is fast. Hence, an evasive control
command for the evasive maneuver can be determined promptly, However,
despite this advantage, disentanglement of the nominal controller 107 and the
evasive controller 109 creates additional problems addressed by some
embodiments.

[0033] An evasive maneuver depends on a state of the ego vehicle 111
and a state of an environment of motion of the ego vehicle 111. For example,
an emergency lane change may depend on a speed of the ego vehicle 111,
presence of other vehicles and/or pedestrians limiting admissible space for
turning the ego vehicle 111, and the like. For different values of the state of the
ego vehicle 111 and the state of the environment, different values of the control
parameter, such as lateral displacement, may allow the evasive maneuver to
succeed. Moreover, for some values of the state of the ego vehicle 111 and the
state of the environment, such a control parameter may not exist, i.e., the value
of such a control parameter may be outside of a range of its admissible values.
Hence, there is a need to determine a value of the control parameter allowing
the evasive maneuver to succeed.

[0034] Conversely, the evasive controller 109 controls the motion of the
ego vehicle 111 only in case of the fault. If no fault is detected, the nominal
movement is controlled by the nominal controller 107. If the nominal controller
107 operates under an assumption of no fault, the nominal controller 107 may
place the ego vehicle 111 in a state where no evasive maneuver succeeds.
Hence, there is a need to avoid such a scenario while maintaining the
disentanglement of the nominal controller 107 and the evasive controller 109,

[0035] Some embodiments are based on the realization that that a
feedback signal indicative of a current state of the ego vehicle 111 and a current
state of the environment of motion of the ego vehicle 111 can be processed to

determine a region of the state of the ego vehicle 111 uplifted with admissible
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values of the control parameter allowing an evasive maneuver to succeed in
case of detecting the fault. For an evasive maneuver to succeed means that a
corresponding evasive maneuver avoids endangering safety of the ego vehicle
111, which amounts to satisfy the evasive constraint. When such a region of
the state of the ego vehicle 111 is determined, the region can be served as a
constraint for the nominal controller 107 forcing it to produce a nominal control
command maintaining the state of the ego vehicle 111 within the region of the
state of the ego vehicle 111. Using the region of the state of the ego vehicle 111
as an additional constraint preserves the disentanglement of the nominal
controller 107 and the evasive controller 109 while providing certainty that
‘there is always at least a value of the control parameter of the evasive maneuver
that is admissible, and hence that the evasive maneuver will succeed.

[0036] To that end, at block 113, the processor 103 collects the feedback
signal indicative of the current state of the ego vehicle 111 and the current state
of an environment of motion of the ego vehicle 111. The current state of the
ego vehicle 111 includes one or combination of an acceleration of the ego
vehicle 111, a velocity of the ego vehicle 111, a position of the ego vehicle 111,
a steering angle of the ego vehicle 111, and the like. The current state of the
environment includes states of neighboring vehicles, presence of pedestrians,
weather conditions affecting tire friction, and the like. The feedback signal may
be collected from sensors associated with the ego-vehicle 111. Examples of the
sensors include global positioning system (GPS), accelerometers, inertial
measurement units, gyroscopes, shaft rotational sensors, torque sensors,
deflection sensors, pressure sensor, and flow sensors. The ego vehicle 111 also
includes sensors for sensing the current state of the environment, such as
distance range finders, radars, lidars, and cameras. Alternatively or
concurrently, sensor data on the environment can be received from sensors that

are placed remotely with respect to the ego vehicle 111,
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[0037] At block 115, the processor 103 processes the feedback signal to
determine the region of the state of the ego vehicle 111 uplifted with admissible
values of the control parameter allowing the evasive maneuver to satisfy the
evasive constraint in case of detecting the fault. Such a region of the state of
the ego vehicle 111 uplifted with admissible values of the control parameter is
also referred to as ‘a safe region’.

[0038] Atblock 117, the processor 103 processes the feedback signal with
the nominal controller 107 to produce the nominal control command
maintaining the state of the ego vehicle 111 within the determined region of the
state of the ego vehicle 111,

[0039] At block 119, the processor 103 evaluates the state function of the
evasive controller 109 with a value of the control parameter from the
determined region of the state of the ego vehicle 111 to produce the evasive
control command. For example, in an embodiment, the evasive controller 109
computes the evasive control command to generate the evasive maneuver by
summing a first term and a second term, wherein the first term in obtained by
multiplying the state of the ego vehicle 111 by a first constant matrix gain and
the second term is obtained by multiplying the control parameter by a second
constant matrix gain.

[0040] At block 121, the processor 103 checks if the fault is detected. If
the fault is not detected, then, at block 123, the processor 103 controls the
motion of the ego vehicle 111 according to the nominal control command. If
the fault is detected, then, at block 125, the processor 103 controls the motion
of the ego vehicle 111 according to the evasive control command.

[0041] The region of the state of the ego vehicle 111 uplifted with
admissible values of the control parameter can be determined before the fault
is detected, e.g., concurrently with operation of the nominal controller 107,

Thus, no computational time is wasted in case of detecting the fault. Also, the
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determination of the region of the state of the ego vehicle 111 can be executed
before the ego vehicle 111 operates, and evaluation of the region of the state of
the ego vehicle 111 is computationally cheaper than evaluation of results of the
evasive control command.

[0042] The value of the control parameter is governed by the region of
the state of the vehicle uplifted with admissible values of the control parameter.
Using this region, the nominal controller 107 can determine the value of the
control parameter. For example, the nominal controller 107 solves an
optimization problem to produce the nominal control command and the value
of the control parameter for the evasive controller 109. Such an approach
simplifies the execution of the evasive controller 109. Additionally or
alternatively, the value of the control parameter for the evasive controller 109
is selected according to the region of the state of the ego vehicle 1111, based
on the state of the ego vehicle 111 when the fault is detected.

[0043] In an embodiment, different faults (or failure scenarios) are pre-
defined and their corresponding risk zones, constraints to be satisfied, traffic
rules to be satisfied, and evasive maneuvers, are included into a table. Such a
table is stored in the memory 105 of'the control system 101.The risk zone refers
to an area that the ego-vehicle 111 must avoid in the presence of the fault. The
constraints, for instance, include limits on the velocity, the acceleration, the
steering angle, and the like. Examples of the traffic rules include lane limits,
boundary limits, speed limits, regions of road where the ego vehicle 111
shouldn’t drive, and the like. In some embodiments, the traffic rules that have
to be satisfied when the fault is detected may exclude traffic rules of lesser
importance, e.g., driving on road shoulder, to ensure the safety.

[0044] FIG. 2 illustrates a table 200 including different pre-defined faults,
according to an embodiment of the present disclosure. The table 200 includes

a faults column 201, a risk zone column 203, a constraints column 205, a traffic
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rules column 207, and evasive controllers column 209.

[0045] The faults column 201 includes different faults, such as, faultl,
fault2,...,faultN. The risk zone column 203 includes different risk zones
corresponding to the different faults, such as, risk zonel, risk zone2,...,risk
zoneN. The constraints column 205 includes different constraints to be satisfied
corresponding to the different faults, “such ~as, constraints],
constarints2,...,constraintsN. The traffic rules column 207 includes different
sets of traffic rules to be satisfied corresponding to the different faults, such as,
traffic rulesl, traffic rules2,...,traffic rulesN.

[0046] The evasive controllers column 209 includes different evasive
controllers corresponding to the different faults, such as, evasive cpntrollerl,
evasive controller2,..., evasive controllerN, The different evasive controllers
are used for controlling different evasive maneuvers of the ego vehicle 111
subject to corresponding evasive constraints different from the nominal
constraint, wherein each of the different evasive controllers is configured to
produce a corresponding evasive control command by evaluating a
corresponding state function dependent on a corresponding control parameter.
[0047] The table 200 is stored in the memory 105 of the control system
101. The processors 103 uses the table 200 for controlling the evasive maneuver
of the ego vehicle 111 when the fault is detected, as described below in FIG. 3.
[0048] FIG. 3 shows a schematic for controlling the ego-vehicle 111
using the table 200, when the fault is detected, according to some embodiments
of the present disclosure. The processor 103 receives, from the sensors
associated with the ego-vehicle 111, the feedback signal indicative of the
current state of the ego vehicle 111 and the current state of the environment.
The feedback signal is input to a fault supervisor 301. In an embodiment, the
fault supervisor 301 is stored in the memory 105 of the control system 101. The

fault supervisor 301 is executed by the processor 103. The fault supervisor 301
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includes a fault selector 303 and a fault detector 305.

[0049] The fault selector 303 is configured to determine, based on the
feedback signal, possible faults that may occur in the present environment,
Based on the determined possible faults, the risk zones to be avoided, the
constraints to be satisfied, the traffic rules to be satisfied, and the evasive
maneuver to be executed, are selected from the table 200. For example, based
on the feedback signal, the fault selector 303 determines that the faultl and
fault2 may occur, The processor 103 determines, from the table 200, that in
case the faultl occurs, the risk zonel is to be avoided, the constaints] are to be
satisfied, the traffic rulesl are to be satisfied by executing the evasive
controllerl. Similarly, the processor 103 determines, from the table 200, that in
case the fault2 occurs, the risk zone2 is to be avoided, the constaints2 are to be
satisfied, the traffic rules2 are to be satisfied by executing the evasive
controller2.

[0050] The fault detector 305 is configured to detect if any of the
determined possible faults has occurred in the environment. Based on the
detected fault, the corresponding evasive controller is executed. For instance,
the fault detector 303 detects that fault2 has occurred. Subsequently, the
processor 103 executes the corresponding evasive controller2. The evasive
controller2 is configured to produce a corresponding evasive control command
by evaluating a corresponding state function dependent on a corresponding
control parameter. The evasive controller2 produces the evasive control
command for the ego vehicle 111 such that the risk zone2 is avoided while
satisfying the corresponding constaints? and the traffic rules2. Further, the
processor 103 controls the motion of the ego vehicle 111 according to the
produced evasive control command.

[0051] In some other embodiments, the faults are not pre-defined rather

the faults and the corresponding evasive maneuvers are determined during real-
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time operation of the ego-vehicle 111. For instance, in an embodiment, the fault
selector 303 uses a neural network

™ Ime 20 T2} = N Npss (S5)

that receives as input the information Ss acquired by the sensors associated
with the ego vehicle 111 (e.g., the feedback signal) and produces information
of the faults{Tt(m) Yme e, » i-€., Tor each fault m, Ft(m) includes a corresponding
risk zone, a corresponding constraint and traffic rules to be satisfied, and a
corresponding evasive maneuver. The neural network is trained on driving
data including different states of the ego vehicle 111 and different states of
the environment. Examples of such a neural network include sequential neural
networks, recurrent neural networks, auto-encoder neural networks,
convolutional neural network generative neural networks, long/short term
memory network, and belief networks.

[0052] Further, in an embodiment, the fault detector 305 uses a neural
network

m = N Npss(Ss)

that receives as input the information Ss acquired by the sensors associated
with the ego vehicle 111 (e.g., the feedback signal) and returns a value m
indicative of the nominal or evasive maneuver to be used, where specifically
m=0 is returned to indicate the nominal movement, while another value of m
indicates that m-th evasive maneuver is to be used. The neural network used
by the fault detector 305 is trained on driving data including different states of
the ego vehicle 111 and different states of the environment. Examples of the
neural network include sequential neural networks, recurrent neural networks,
auto-encoder neural networks, convolutional neural network generative neural
networks, long/short term memory network, and belief networks.

[0053] Some embodiments classify likelihoods of different faults and

select the evasive controller based on the fault and its likelihood. For example,
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different evasive maneuvers can be associated with different faults and
selection of a specific evasive maneuver depends on detection of a specific fault,
Such an embodiment is described below in FIG. 4.

[0054] FIG. 4 shows a block diagram 400 for selecting the evasive
controller, according to an embodiment to the present disclosure. The memory
105 is configured to store a set of evasive controllers for controlling different
evasive maneuvers of the vehicle subject to corresponding evasive constraints
different from the nominal constraint, wherein each of the different evasive
controllers is configured to produce a corresponding evasive control command
by evaluating a corresponding state function dependent on a corresponding
control parameter. At block 401, the processor 103 classifies the feedback
signal to estimate likelihoods of different faults. Each fault of the different
faults defines a risk zone of the ego vehicle. To classify the feedback signal,
the processor 101 executes a neural network trained with machine learning that
produces probabilities of each of the different faults and retains the faults with
a sufficient probability, e.g., greater than zero for full safety, or greater than a
certain used-defined small probability threshold for probabilistic safety.

[0055] At block 403, the processor 103 selects a corresponding evasive
controller from the set of evasive controllers for each fault having the likelihood
greater than a threshold. The threshold may be defined by a user. At block 405,
the processor 103 determines for each selected evasive controller a
corresponding region of the state of the ego vehicle uplifted with admissible
values of the corresponding control parameter allowing the selected evasive
maneuver to satisfy the corresponding evasive constraint in case of detecting
the corresponding fault. At block 407, the processor 103 evaluates the state
function of the evasive controller selected for the detected fault, with a value of
the corresponding control parameter from the region of the state of the ego

vehicle uplifted with admissible values of the corresponding control parameter.
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[0056] The determination of the faults, the evasive maneuvers, the safe
region, and control commands for the ego vehicle 111 are mathematically
described below.

Nominal driving conditions

[0057] The nominal driving conditions are defined as those where the ego
vehicle 111 is operating normally, that is, the ego vehicle’s 111 systems are
sufficiently active, and the environment is perceived and predicted with a
sufficient precision. Under the nominal driving conditions, the control system
101 plans the motion of the ego vehicle 111 according to a complete set of
current traffic rules and constraints.

[0058] Under the nominal driving conditions, the control system 101
predicts the motion of the ego vehicle 111 according to a nominal model of

vehicle motion
0 0
= fOOw) W

where ¢ is time or time index, x( is a state of the nominal movement of the
ego vehicle 111, which includes, for instance, the position, the velocity, the
acceleration, and the like, u is the nominal control command (to the ego
vehicle 111), which may include, for instance, actual or desired velocity,
actual or desired acceleration, actual or desired steering angle, and the like,
and f© is a state update function that defines the ego-vehicle’s 111 motion.

For instance @ may be defined by a kinematic bicycle model of vehicle

motion.:
b, =vcos(¥)
py =vsin(¥)

Y = -E—tan(S)

vV =a
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§ =0 2)

where p=(p,,p,) is a position in a global frame, v is velocity, yis a heading
angle in the global frame, L, is wheelbase, a is the acceleration, Jis the
steering angle, o is a steering angular rate. For instance, when (1) uses the
vehicle model (2), the ego vehicle’s 111 state is x=(px, py, ¥, v, 0), u=(a,
o) while L, is just a vehicle (constant and known) parameter.

[0059] The control system 101 constructs the traffic rules and vehicle
rules as constraints on the state and commands of the ego vehicle 111. The
constraints include, for instance, limits on the velocity and the acceleration,
which are intended to ensure smooth vehicle operation and driver comfort

under the nominal driving conditions. Such constraints are represented by
(x§°>, ) 0 (3a)

where V(Ois a set where the constraints are satisfied. For instance, (3a) may

be defined by inequalities such as

a™ < a<all, s < 5 <60,
o < 0 < g (3b)

where symbols with subscripts min and max indicate lower and upper bounds
for the corresponding variables, and m=0 for the nominal movement. The
traffic rules include, for instance, lane limits, boundary limits, speed limits,
regions of road where vehicle shouldn’t drive, lanes that shall not be crossed,
and the like. The control system 101 constructs such traffic rules by

constraints
(%7 u) eT© (4a)

where T is a set where the traffic rules are satisfied. For instance, (4a) may
be defined by inequalities such as
M < < D(p,0) = 4™

min - _‘ max’ min’
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Wi S MW7) Sl (4b)
M (P")(p — r) extracts a lateral distance with respect to a road headingy/ " at
a reference point », D is a distance function, or an under-approximation of'it,
O is the closest obstacle position, and for the nominal movement m=0.
Determination of scenarios and faults

[0060] Even when the ego vehicle 111 is operating under the nominal
driving conditions, the faults may occur in the incoming future. Hence, the fault
selector 303 determines faults that may occur, based on the current state of the
ego vehicle 111 and the current state of the environment. Such faults determine
a risk zone, which the ego vehicle 111 must avoid in the presence of the fault,
and the traffic and vehicle rules that must still be enforced in the presence of
the fault. Thus, the fault selector constructs a risk zone to be avoided in form
of (exclusion) constraint

pe A™  (5a)

and the vehicle and traffic rules to be enforced in form of (inclusion)
constraints,

(x(m)’u(m)) e yim (5b)

(x(m)’u(m)) e T (5¢)

respectively, where x™, u™ are respectively a state vector and an input vector
of the vehicle model used for fault m=1, ... M, which may be different from
X040,

[0061] Construction of evasive maneuvers and safe regions of the
evasive maneuvers

[0062] The evasive maneuvers may be computed based on a model
different from the motion model of the ego vehicle 111 under the nominal
driving condition (1), because the evasive maneuvers may need to be more
precise, e.g., using dynamic vehicle motion models rather than kinematic

vehicle motion models. Further, to compensate for increased complexity of
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computations due to the precise models, some motions can be also restricted,
e.g., swerving only at constant speed, or braking only with straight steering,
For instance, instead of the kinematic bicycle model, the control system 101

may use a dynamic linear-tire-force bicycle model

_it

.. , CrtC ~Crlp+ Cply c Crlp— Crl ,

§° = ye o+ Lo f LI e g Ly (L g Yy
muvy m muy m MUy

ve _ Crlp=Crly . g + Crlpt Crly we _cfz,%+ Crl3 e 4 cfzf(s__ Crld+ Crld .

1'0 - mv y I Iyv I I l[)

% z 2Vx z zVx
U, =
d= v,

as motion model (1), where 3¢ is a lateral error with respect to road center
lane, y° is a heading error with respect to road direction, )" = v2/R" is a
desired yaw rate, R" is a turn radius, Cy, C, are total front and rear cornering
stiffnesses, vy is a longitudinal velocity, d is a distance along the road, m is a
vehicle mass, I, is a moment of inertia along vertical axes, and lf, [,.are front
and rear axle distances from a center of mass.

[0063] Thus, in constructing the evasive maneuvers, the control system

101 uses the motion model for the ego vehicle 111 in evasive maneuver m

xt(Tl) = fom (xt(m)'ut)

™ = k™ (x™)  (6a)

where (™ is the state update function of the motion model for the ego vehicle
111 in the evasive maneuver m and 4™ is an output function that returns a
position from the ego vehicle state for the evasive maneuver m. For reducing
computation, the motion model for the evasive maneuver m is described as a

linear dynamical system

2 = A 4 pmyy,
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p™ = Cmx™  (6b)

[0064] @ In order to execute rapid decision of the evasive maneuver, the
control system 101 pre-parametrize the evasive maneuver as obtained from a
function-based control law, parametrized by a reference parameter (also
referred to as control parameter)

U= K(m)(x(m),v(m)) (7a)

where 1™ is a control law function evaluated by the evasive maneuver m
and 1™ is the reference parameter of the evasive maneuver m. In some
embodiments, for reducing computational effort, the control system 101 uses
for (7) a linear controller

K(m)(x(m),v(m)) = KMxm) 4 gy (7p)

[0065] The control system 101 uses the control law function (7a) applied

to (6a) to plan the evasive maneuver m which results into
00 = £ (5, (5, )) = £ (5, )

P = (™) ®)

where the control system 101 keeps a constant, i.e., fixed, value of the
parameter ™ along the entire evasive maneuver, so that the entire evasive
maneuver is determined uniquely by selecting only the value of %™, which
results in the evasive maneuver be rapid to compute.

[0066] Given a state x of ego vehicle motion at time Tin;; for the evasive
maneuver m where the evasive maneuver is engaged, and a value of the
parameter ™ the evasive maneuver along a future time period of Ty, the
control system 101 determines that the evasive maneuver m succeeds if the
traffic and vehicle constraints (5b), (5¢) and avoidance constraint of the risk
zone (5a) are all satisfied for the time interval between and Tinisand Teng = Tinit
+ Tafe by the motion of the ego vehicle 111 generated according to (8). Hence,

the control system 101 can scan all possible values of #™ and for each use
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simulate (8) and thus determine the values of the parameter #™, if any, that
satisfy (5a), (5b), (5¢).

[0067] However, such an approach requires extensive simulation and
hence significant timé. Also, it is not possible to use such an approach for
ensuring that a nominal trajectory for the nominal movement remains in a
region where the evasive maneuver succeeds. Instead, the control system 101
computes an entire region of states and control parameters for which the
evasive maneuver succeeds beforehand, so that simulations during the
determination of the evasive maneuver are not needed, and the nominal
trajectory can be constrained to remain into such region, so that if the fault
occurs, the evasive maneuver is successful. To that end, the control system 101
constructs a safe region for the evasive maneuver m as a subset of intersection
of a first region where, the risk zone will be avoided for the future time period
Twate, and a second region, where the traffic rules and the constraints will be
satisfied for the future time period Tsar,

R < Fim) 0 sim) 9).

[0068] FIG. 5A shows a block diagram for determining the safe region,
according to some embedment of the present disclose. The safe region
corresponds to the region of the state of the ego-vehicle 111 that allows the
evasive maneuver to succeed in the case when the fault is detected. At block
501, the processor 101 computes regions Wk(m)where the evasive maneuver is
within the risk zone at a future time instant %, for k between 0 and Tgyte.

[0069] At block 503, the processor 103 computes a union 602 of the
computed regions Wk(m) . At block 505, the processor 101 computes a

complement of the union of computed regions Wk(m),

k=0 k

Fm) = (UTWW“”))C (10)

[0070] The region Wk(m) is computed iteratively as
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WM™ = {(x,v™):p € AM}
W = pre s W (11)
[0071] and Pre denotes a predecessor set operator, Pres(X) =

{x: f(x) € X}. The ¢ complement of the regions Wk(m)is referred to the first
region.

[0072] For computing the second region, at block 507, the processor 103
computes a region where the traffic rules and the constraints are satisfied

S = {(xM,v(M): (5a), (5b), (5¢) for t € [0, Tsgpe |, Xo =

Kygger s = F (270,90, p{™ = B () (12)

by computing iteration
X = { (x,v™): (x, ™) € P, (x, v g T} ™ =

Pre.m (JC,E’Z?) n 7m n p)
k

s = xim, (13)

[0073] At block 509, the processor 101 the safe region R ™ based on the
complement of the union of the ‘computed regions (i.e., the first region), and
the region where the constraints and the traffic rules are satisfied (i.e., the
second region).

[0074] Some embodiments are based on the realization that, in order to
reduce future computations for improving the evasive maneuver response time
and the nominal trajectory computation time, the safe region R can
computed as a proper subset R(™ c F n §M and specifically, a proper
convex subset. To that end, some embodiments compute the safe region as a

convex safe region.
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[0075] FIGs. 5B and 5C show a block diagram for computing the safe
region as the convex safe region, according to some embodiments of the present

disclosure. At block 511, the processor 101 selects a point € outside of the

complement of the union of computed regions (sz_f‘({ ) Wk(m)). At block 513,

the processor 101 computes a projection from the selected point outside

F ™ °to the regions Wk(m). At block 515, the processor 101 computes a vector

Flgm) of the selected point outside F ™ and the projection of

such point on the regions Wk(m).

[0076] At block 517, the processor 101 uses the vector of the difference

of the two points to construct a hyperplane, Flgm)f = ylgm) ,which separates the

of a difference

region W,\fm) from the point &, Then, the processor 101 constructs a halfspace
I"lfm)f < y,gm) - ¢ from such hyperplanes that include the point. At block 519,
the processor 101 intersects all such hyperplanes to obtain I‘lgm)f <ym — ¢
and to modify the first region as intersection of the halfspaces R(™ =
{F(m)()t <ym — g} nsmc gmn gm)

[0077] Further, the control system 101 can over-constrain the second
region $™ by computing it in such a way that for points within S the
evasive maneuver satisfies the constraints and the traffic rules for all future
instants, not just in the future time period of length Ter. At block 521, the
processor 101 checks if satisfaction of the constraints and the traffic rules for
all future instants is requested. If not requested, then, at block 523, the processor
101 sets the second region to be a modified second region. If satisfaction of the
constraints and the traffic rules for all future instants is requested, then, at block
525, the processor 101 modifies the second region to always satisfy the
constraints and the traffic rules by performing the iteration (13) until

convergence, i.e., until X,gm) = X,ET; = §M)  Furter, at block 527, the
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processor 101 computes the safe region as an intersection of the modified first
region and the modified second region.

Computation of nominal trajectory and parameter

[0078] For the evasive maneuvers to be successful in the presence of the
faults, it is necessary that they are initiated in the safe region. Thus, the control
system 101 must ensure that the nominal trajectory of the ego vehicle 111 stays
in the safe regions at all time, until a fault occurs. For the evasive maneuver m
selected by the fault selector 303, the control system 101 imposes that any

predicted vehicle state x,g?g along the nominal trajectory must satisfy the

constraint that there exists an m evasive maneuver parameter value V,ETI'Z) such

that
) ,,(m) (m)
(xklt,vkﬁ ) € Ry)y (14)

where R,(CT? is a predicted safe region of the evasive maneuver m at k time

steps ahead of initial planning time ¢, and S’Bgﬁ) is the current safe region, i.e.,
the safe region at current time. Imposing such constraints on the nominal
trajectory ensures that if the fault occur at any point of the nominal trajectory,
the control system 101 can compute a parameter value for the evasive
maneuver m which results in successful execution of the evasive maneuver,
and hence the risk zone is avoided, and the vehicle rules and traffic rules,
other than lesser importance rules for the current states of the ego vehicle 111
and the environment, are satisfied.

[0079] In certain embodiments, the control system 101 computes an
optimal control over a future prediction horizon to determine the nominal
trajectory and nominal control command and the parameter for the evasive
maneuver to succeed, should the fault occur along the prediction horizon of the
optimal control problem. The region of the state of the ego vehicle 111 uplifted

with admissible values of the control parameter is enforced as a constraint in
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the optimal control. The optimal control has an associated optimization
problem that is solved numerically. Thus, the optimization includes the
constraints (14) to ensure that the nominal trajectory remains within the safe
region. The optimization problem is given as

Np=1
UTV; F(ngl?)rl\(lo?t)+ Z L(xk|t’uklt'rk(|(? Z LSJm) (”i(cﬁ))

mEMt
o _ (0)
S b Xpiy)e = f© (xk|t'uk|t)

0
(x;(q?»ukn) e PO n 70

(m) _ (0)
xkrlrtl w(m) (kauklt""mt)

(xk“,v,%)) € R,(Jlrz), vme M,

x(()(l)t) = x(t), (15a)
where N, is a prediction horizon, " and L are a terminal and stage cost for the

nominal trajectory, L,™, is a cost of choosing a certain value for the
parameter of the evasive maneuver m, U, = (uou- e Uy t) , is the sequence

of control inputs for nominal driving along the prediction horizon, Y; =

{(Vér;? . v,(\,m)t)} are the control parameters for the evasive maneuver,
| pl mEMt

one for each maneuver m when such maneuver is initiated at a time k along
the prediction horizon, M is a set of faults selected by the fault selector 303,
and rk(lot) includes information about desired behavior of the nominal trajectory

k time steps ahead of initial planning time #.



WO 2024/202373 PCT/JP2023/047369

34
[0080] The control system 101 computes a solution of optimization
problem (15a),
Ui = (ug,k ...u}'(,p|T) and = {Yt* = (v(gr,?’* vls,g)t'*)}mem. From the

solution of (15a) the control system 101 can compute the next nominal control

command for the nominal trajectory 411 as

1@ (xt,{rk(lot)}-’ga) = ug, (16a)

and, if a fault has occurred, the next evasive control command for the evasive

maneuver as
K (M) (xt,{vér;)’*}),\fm € M, (16b)

[0081] For the case where the evasive maneuvers are defined by the linear
control law (7b), computation of (16b) amounts to simply evaluating linear

expression, which is an example of a reactive feedback control,
1™ (xt, { véf?)*}) = KMy ™ | G(m)véﬁf)'*,Vm eM, (17)

[0082] In some embodiments, the control system 101 computes all future
commands along the prediction horizon N,, by substituting subscript ¢ and 0|z
with k|t in (16a), (16b). Similarly, the control system 101 can compute a
sequence of multiple commands of the evasive maneuvers by using (16a) as
(7a) into (8). For the case where the nominal model of vehicle motion is linear,
the constraints are linear and evasive maneuver model of motions are linear,
and cost function of (15a) is quadratic, and the safe region is taken as a convex
subset, the optimization problem (15a) is a quadratic program.

[0083] In some embodiments, the fault selector 303 may determine more
than one evasive maneuver for a single fault. In such a case the optimization

problem (15a) is modified into
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Np—l
0 0 0 0
UtYn;LT:F(xlslp)’rl\(/ )[t) + Z L(xl(dt)'uklt' 7ﬂk(lt) z Lgfm) (vl(crlrtl))
It ¢ k=0 me M;

0 _
ST Xy fq)e = e (xklt’uklt)

0
(x,(dg,uku) e VO 70O
m) _ ON

(m) (m) (m) __
(%n"’z«ﬁ) Riie if Opie =

(m)
25,;;;_*

me M
xé(l)t) = x(t), (15b)
where there are additional binary decision variables A= {6,51?},66[0'1\,_1],,715 M
which, for each fault, select the safe region m, and hence the evasive
maneuver m, to be attained, among all the allowed ones M} for such fault
where U Mt“ = M is an entire set of the evasive maneuvers. Optimization
problem (15b) is transformed into a mixed integer linear/nonlinear program,

for instance, by means of big-M techniques. In such a case, set-based

constraint (x,(clt), VI?I?) € R( kit 1s re-formulated as a function-based

constraint IHI,&?P (x,?r:), V,ET;L)) < 0and dependency on the binary decision

variable that select which constraints are satisfied is obtained by modifying

such constraint into ]}Hgﬁ) (x,(crlrtl), VIETI?) — 8 ,ETI?M < 0M), where M is a
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positive number larger than the maximal value of IHI,(JE) (x,(;['z), v,gﬁ)). From

solution of (15b) only a single evasive maneuver m from within a group
associated to a fault Mt“ has an associated variable § IETZ) with value 1, and
that is the one to be used if such fault occurs.

Determination of control command for the ego vehicle

[0084] FIG. 6 shows a block diagram for determining the control
command for the ego vehicle 111, according to some embodiments of the
present disclosure. At block 601, the processor 103 acquires information on the
environment from the sensors associated with the ego vehicle 111. At block
603, the processor 103 determines an actual driving scenario from the acquired
information. For instance, the processor 103 determines actual traffic rules
7,4 pased on the acquired information on the environment.,

[0085] At block 605, the processor 103 compares the actual driving
scenario with nominal driving scenario and the faults (or fault scenarios)
determined by the fault selector 303 to evaluate in which scenario the ego
vehicle 111 is currently operating, whether the nominal driving scenario or in
a specific failure scenario. For instance, the processor 103 compares the actual
traffic rules Tt(acwal)with traffic rules for the nominal driving scenario and the
faults selected by the fault selector 303, ﬂ}(m),m € M; U {0}. At block 607,
the processor 103 determines the smallest scenario index satisfying traffic rules
of the actual driving scenario, m* € M; U {0} between such that T,(%#4" ¢

Tt(m*). Thus, if the actual traffic rules satisfy the traffic rules for the nominal

driving scenario, the nominal driving scenario m* = 0 chosen.
[0086] At block 609, the processor 103 selects control command

corresponding to the determined scenario index, m* € M, U {0},

N . *
< (s i} =) = i o =0
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k™ (x5 ) ifme M, (18)

that is, a control command for the nominal driving is selected if the scenario
index indicates the nominal driving scenario, m* = 0, while a control
command for the corresponding evasive maneuver is chosen, if the scenario
index indicates a fault m € M . At block 611, the processor 103 applies the
selected control command to the ego vehicle 11, which modifies its motion
accordingly.

[0087] In some embodiments, the control system 101 solves problem
(15a) as a nonlinear, non-convex optimal control problem. In some
embodiments, the motion model under the nominal driving conditions (1) and
the evasive maneuvers (6a), and maneuver controllers (7) are linear dynamical
models, similar to (6b) and (7b), the constraints are linear inequalities, and the
cost function in (15a) is a quadratic positive definite function, the control
system 101 transforms problem (15a) into a linearly constrained convex

quadratic program
min ' Qs + g

s.t.,H¢ < K.

S.¢ €{0,1} (19a)

where Q, F,, H;, K are obtained from (15a), which is solved by optimality by
a specific algorithm, such as projected gradient, Alternating Direction Method
of Multipliers (ADMM), active set method, or interior point method. The

solution of (15a) is reconstructed from the solution ¢* of (19a) by

Uil
[Y:] = Mg

where M is a selector matrix, i.e., a matrix composed of 1 and 0 that selects

components of right hand side to assign them to components of left hand side.
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[0088] In some embodiments, multiple evasive maneuvers are possible
for a single fault, and the motion model under the nominal driving conditions
(1), i.e., the nominal model of vehicle motion, and the evasive maneuvers (6a),
and maneuver controllers (7) are linear dynamical models, similar to (6b) and
(7b), the constraints are linear inequalities, the cost function in (15b) is a
quadratic positive definite function, the control system 101 transforms problem

(15b) into a mixed integer quadratic program
min ¢'Q¢¢ + Fg

s.t.,Heo < K.
S.s €{0,1} (19b)
where Q, F;, H., K, S¢ are obtained from (15b), where XX is a matrix that
selects the variables that are integer, and specifically in (19b) Boolean.
Optimization problem (19b) is solved by optimality by a specific algorithm
that first determine a number of convex relaxations being convex quadratic
programs subject to linear constraints, such as by branch and bound or branch
and cut, and then solves such convex relaxations with the same methods of
(19a) such as projected gradient, ADMM, active set method, or interior point
method. The solution of (15b) is reconstructed from the solution ¢* of (19b)
by

Ug

Y| =T"

At
where T, is a selector matrix, i.e., a matrix composed of 1 and 0 that selects
components of right hand side to assign them to components of left hand side,

and A; is the vector containing the auxiliary integer variables & ,Erlrtl)
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[0089] In some embodiments, the prediction of the risk zone Ry, in (15)
is entirely provided. In some other embodiments, motion of the risk zone is
predicted according to a motion model
Wer1 = fo(We)

pe’ = hy(wy)
that predicts the motion of a specific point p{ of the risk zone, and the whole
risk zone is predicted as a region of constant size, around that point, that
hence moves with such point R, = p @ R™, where @ denotes set sum.
[0090] In some embodiments, the control system 101 computes the safe
regions for the evasive maneuvers at each control cycle. In some other
embodiments, the control system 101 computes the safe region of the evasive
maneuver based on a relative motion model of the ego vehicle 111 with respect

to the risk zone,

€T = £ (x50 (50 4)) = AP

pre) = hilp (e

obtained by centering origin in a reference point pg’ of the risk zone, and
representing coordinate of the motion of the ego vehicle 111 within such
point, and then representing a relative motion of the ego vehicle 111 with
respect to such point. Using the relative motion, at each step the control
system 101 converts information from global coordinates to relative
coordinates with respect to the point pf’ of the risk zone, computes control
commands of the ego vehicle 111 in such relative coordinates, and then
transforms the control command back from the relative coordinates to the
global coordinates by inverting coordinate transformation. Using the relative
motion model, the control system 101 re-computes the safe region of the
evasive maneuvers only when the risk zone size changes or the traffic or

vehicle rules change.
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[0091] The functioning of the control system 101 in an autonomous
driving scenario is described below in FIG. 7A and FIG. 7B.
[0092] FIG. 7A illustrates an autonomous driving scenario 700, according

to some embodiments of the present disclosure. The ego vehicle 111 is moving
on aroad in a left lane 701, while other vehicles, such a vehicle 703a, a vehicle
703b and a vehicle 703c¢ (collectively referred hereinafter as the other vehicles
703a, 703b, and 703c¢), are moving in a right lane 705. Left road shoulder lane
707 is empty of obstacles. The control system 101 predicts a trajectory 709 of
the other vehicles 703a, 703b, and 703c¢, according to which the other vehicles
703a, 703b, and 703c remain in their current lane 705. Consequently, the
control system 101 plans a trajectory 711 that maintains the ego vehicle 111 in
the left lane 701. However, the vehicle 703b decides to initiate a lane change
maneuver to the left lane 701 according to a trajectory 713 which creates a
potential risk of collision in a risk zone 715. In such a scenario, the control
system 101 executes an evasive maneuver that avoids the risk zone 715 to avoid
collision with the vehicle 703b, as described below in FIG. 7B.

[0093] FIG. 7B shows illustrates an evasive maneuver that avoids the risk
zone 715, according to some embodiments of the present disclosure. The
control system 101 receives, from the sensors associated with the ego vehicle
111, a feedback signal indicative of a current state of the ego vehicle 111 and a
current state of the environment in which the ego vehicle 111 is moving. The
processor 103 processes the feedback signal to determine a region 717 of the
state of the ego vehicle 111 uplifted with admissible values of the control
parameter, Further, the processor 103 processes the feedback signal with the
nominal controller 107 to produce a nominal control command maintaining the
state of the ego vehicle 111 within the region 717 of the state of the ego vehicle
111. For instance, the processor 103 determines a nominal trajectory 719 that

maintains the ego vehicle 111 within the region 717. Further, the processor 103
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evaluates the state function of the evasive controller 109 with a value of the
control parameter from the region 717 of the state of the ego vehicle 111 to
produce the evasive control command. The evasive control command causes
the ego-vehicle 111 to move along an evasive maneuver 721. The evasive
maneuver 721 avoids the risk zone 715 by driving on the left road shoulder 707.
The evasive maneuver 721 violates a traffic rule of not driving into on the left
road shoulder 707, but avoids the risk of collision with the vehicle 703b.
Thereby, safety of the passengers of the ego vehicle 111 is ensured.

[0094] Since the state of the ego vehicle 111 is maintained with the within
the region 717 of the state of the ego vehicle 111 uplifted with admissible
values of the control parameter, the control system 101 can evaluate the state
function of the evasive controller 109 with a control parameter from the region
717 to produce the evasive control command. Thereby, the execution of the
evasive maneuver is guaranteed when the fault is detected.

[0095] FIG. 8 shows a scenario similar to FIG. 7A, where regions of states
of the ego vehicle 111 and the controller parameters are shown, according to
some embodiments of the present disclosure. Axes in FIG. 8 include vehicles
states of longitudinal 801 and lateral 803 positions, and a control parameter 805.
An admissible region 807 determines combinations of the vehicle states and
the controller parameters such that if the evasive maneuver is initiated at such
state with a control parameter equal to such parameter, the evasive maneuver
succeeds in avoiding the risk zone 715 and satisfies the traffic rules and the
constraints for the corresponding fault.

[0096] Projection of the admissible region 807 onto space of the vehicle
states, in FIG. 8 the space spanned by the axes 801 and 803, is the projected
region 717 where the ego vehicle 111 can drive under the nominal driving
conditions such that if a fault then the control system 101 can find a value of

the control parameter such that the evasive maneuver exists. At the same time,
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if value of the state of the ego vehicle 111 is fixed, corresponding vertical
segment included in the admissible region 807 and passing on a point in the
projected region 717 corresponding to such vehicle state contains the values of
the control parameter of the evasive maneuver such that the evasive maneuver
at such vehicle state succeed. For instance, for vehicle positions 809, 811, 813,
segments 815, 817, 819, respectively, determines the values for which the
evasive maneuver succeed. However, for vehicle position 821, there is no
evasive maneuver that succeed, because the vehicle position 821 is outside the
projected region 717 and in fact there is no vertical segment passing on the
vehicle position 821 that is included in the admissible region 807,

[0097] FIG. 9 shows a block diagram of a control system 900 for
controlling motion of an ego vehicle, in accordance with some embodiments.
The control system 900 can be arranged on a remote server as part of RSU to
control the ego vehicle. The control system 900 can have a number of interfaces
connecting the control system 900 with other machines and devices. A network
interface controller (NIC) 901 includes a receiver adapted to connect the control
system 900 through the bus 903 to a network 905 to receive a feedback signal
927 indicative of a current state of the ego vehicle and a current state of an
environment of motion of the ego vehicle.

[0098] The NIC 901 also includes a transmitter adapted to transmit the
evasive control command or the nominal control command to the ego vehicle
via the network 905. To that end, the control system 900 includes an output
interface, e.g., a control interface 907, configured to submit control commands
909 to the ego vehicle through the network 905. The control commands include
the evasive control commands or the nominal control commands. In such a
manner, the control system 900 can be arranged on a remote server in direct or

indirect wireless communication with the ego vehicle.
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[0099] The control system 900 can also include other types of input and
output interfaces. For example, the control system 900 can include a human
 machine interface 911. The human machine interface 911 can connect the
control system 900 to a keyboard 913 and a pointing device 915, wherein the
pointing device 915 can include a mouse, trackball, touchpad, joystick, pointing
stick, stylus, or touchscreen, among others.
[0100] The control system 900 includes a processor 917 configured to
execute stored instructions, as well as a memory 919 that stores instructions
that are executable by the processor. The processor 917 can be a single core
processor, a multi-core processor, a computing cluster, or any number of other
configurations. The memory 919 can include random access memory (RAM),
read only memory (ROM), flash memory, or any other suitable memory
machines. The processor 917 can be connected through the bus 903 to one or
more input and output devices.
[0101] The processor 917 is operatively connected to a memory storage
921 storing the instruction as well as processing data used by the instructions.
The memory storage 921 can form a part of or be operatively connected to the
memory 919. For example, the memory storage 921 can be configured to store
a nominal controller 923 for controlling a nominal motion of the ego vehicle
subject to a nominal constraint and an evasive controller 925 for controlling an
evasive maneuver of the ego vehicle subject to an evasive constraint different
from the nominal constraint. The nominal controller 923 is configured to
produce the nominal control command according to a movement objective of
the ego vehicle. The evasive controller 925 is configured to produce the evasive
control command by evaluating a state function of a control parameter.
[0102] The processor 917 is configured to process the feedback signal to
determine a region of the state of the ego vehicle uplifted with admissible

values of the control parameter allowing the evasive maneuver to satisfy the
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evasive constraint in case of detecting a fault. The processor 917 is further
configured to process the feedback signal with the nominal controller 923 to
produce the nominal control command maintaining the state of the ego vehicle
within the determined region of the state of the ego vehicle. The processor 917
is further configured to evaluate the state function of the evasive controller 925
with a value of the control parameter from the determined region of the state of
the ego vehicle to produce the evasive control command. The processor 917 is
further configured to control the motion of the ego vehicle according to the
nominal control command when the fault is not detected; and otherwise control
the motion of the ego vehicle according to the evasive control command.
[0103] The description provides exemplary embodiments only, and is not
intended to limit the scope, applicability, or configuration of the disclosure.
Rather, the following description of the exemplary embodiments will provide
those skilled in the art with an enabling description for implementing one or
more exemplary embodiments. Contemplated are various changes that may be
made in the function and arrangement of elements without departing from the
spirit and scope of the subject matter disclosed as set forth in the appended
claims.

[0104] Specific details are given in the following description to provide a
thorough understanding of the embodiments. However, understood by one of
ordinary skill in the art can be that the embodiments may be practiced without
these specific details. For example, systems, processes, and other elements in
the subject matter disclosed may be shown as components in block diagram
form in order not to obscure the embodiments in unnecessary detail. In other
instances, well-known processes, structures, and techniques may be shown
without unnecessary detail in order to avoid obscuring the embodiments.
Further, like reference numbers and designations in the various drawings

indicated like elements.
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[0105] Also, individual embodiments may be described as a process
which is depicted as a flowchart, a flow diagram, a data flow diagram, a
structure diagram, or a block diagram. Although a flowchart may describe the
operations as a sequential process, many of the operations can be performed in
parallel or concurrently. In addition, the order of the operations may be re-
arranged. A process may be terminated when its operations are completed, but
may have additional steps not discussed or included in a figure. Furthermore,
not all operations in any particularly described process may occur in all
embodiments. A process may correspond to a method, a function, a procedure,
a subroutine, a subprogram, etc. When a process corresponds to a function, the
function’s termination can correspond to a return of the function to the calling
function or the main function.

[0106] Furthermore, embodiments of the subject matter disclosed may be
implemented, at least in part, either manually or automatically. Manual or
automatic implementations may be executed, or at least assisted, through the
use of machines, hardware, software, firmware, middleware, microcode,
hardware description languages, or any combination thereof, When
implemented in software, firmware, middleware or microcode, the program
code or code segments to perform the necessary tasks may be stored in a
machine-readable medium. A processor(s) may perform the necessary tasks.
[0107] Various methods or processes outlined herein may be coded as
software that is executable on one or more processors that employ any one of a
variety of operating systems or platforms. Additionally, such software may be
written using any of a number of suitable programming languages and/or
programming or scripting tools, and also may be compiled as executable
machine language code or intermediate code that is executed on a framework
or virtual machine. Typically, the functionality of the program modules may be

combined or distributed as desired in various embodiments.



WO 2024/202373 PCT/JP2023/047369

46

[0108] Embodiments of the present disclosure may be embodied as a
method, of which an example has been provided. The acts performed as part of
the method may be ordered in any suitable way. Accordingly, embodiments
may be constructed in which acts are performed in an order different than
illustrated, which may include performing some acts concurrently, even though
shown as sequential acts in illustrative embodiments.

[0109] Further, embodiments of the present disclosure and the functional
operations described in this specification can be implemented in digital
electronic circuitry, in tangibly-embodied computer software or firmware, in
computer hardware, including the structures disclosed in this specification and
their structural equivalents, or in combinations of one or more of them. Further
some embodiments of the present disclosure can be implemented as one or
more computer programs, i.e., one or more modules of computer program
instructions encoded on a tangible non transitory program carrier for execution
by, or to control the operation of, data processing apparatus. Further still,
program instructions can be encoded on an artificially generated propagated
signal, e.g., a machine-generated electrical, optical, or electromagnetic signal,
which is generated to encode information for transmission to suitable receiver
apparatus for execution by a data processing apparatus. The computer storage
medium can be a machine-readable storage device, a machine-readable storage
substrate, a random or serial access memory device, or a combination of one or
more of them.

[0110] According to embodiments of the present disclosure the term “data
processing apparatus” can encompass all kinds of apparatus, devices, and
machines for processing data, including by way of example a programmable
processor, a computer, or multiple processors or computers. The apparatus can
include special purpose logic circuitry, e.g., an FPGA (field programmable gate

array) or an ASIC (application specific integrated circuit). The apparatus can
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also include, in addition to hardware, code that creates an execution
environment for the computer program in question, e.g., code that constitutes
processor firmware, a protocol stack, a database management system, an
operating system, or a combination of one or more of them.

[0111] A computer program (which may also be referred to or described
as a program, software, a software application, a module, a software module, a
script, or code) can be written in any form of programming language, including
compiled or interpreted languages, or declarative or procedural languages, and
it can be deployed in any form, including as a stand-alone program or as a
module, component, subroutine, or other unit suitable for use in a computing
environment. A computer program may, but need not, correspond to a file in a
file system. A program can be stored in a portion of a file that holds other
programs or data, e.g., one or more scripts stored in a markup language
document, in a single file dedicated to the program in question, or in multiple
coordinated files, e.g., files that store one or more modules, sub programs, or
portions of code.

[0112] A computer program can be deployed to be executed on one
computer or on multiple computers that are located at one site or distributed
across multiple sites and interconnected by a communication network.
Computers suitable for the execution of a computer program include, by way
of example, can be based on general or special purpose microprocessors or both,
or any other kind of central processing unit. Generally, a central processing unit
will receive instructions and data from a read only memory or a random access
memory or both, The essential elements of a computer are a central processing
unit for performing or executing instructions and one or more memory devices
for storing instructions and data.

[0113] Generally, a computer will also include, or be operatively coupled

to receive data from or transfer data to, or both, one or more mass storage
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devices for storing data, e.g., magnetic, magneto optical disks, or optical disks.
However, a computer need not have such devices. Moreover, a computer can
be embedded in another device, e.g., a mobile telephone, a personal digital
assistant (PDA), a mobile audio or video player, a game console, a Global
Positioning System (GPS) receiver, or a portable storage device, e.g., a
universal serial bus (USB) flash drive, to name just a few.

[0114] To provide for interaction with a user, embodiments of the subject
matter described in this specification can be implemented on a computer having
a display device, e.g., a CRT (cathode ray tube) or LCD (liquid crystal display)
monitor, for displaying information to the user and a keyboard and a pointing
device, e.g., a mouse or a trackball, by which the user can provide input to the
computer. Other kinds of devices can be used to provide for interaction with a
user as well; for example, feedback provided to the user can be any form of
sensory feedback, e.g., visual feedback, auditory feedback, or tactile feedback;
and input from the user can be received in any form, including acoustic, speech,
or tactile input. In addition, a computer can interact with a user by sending
documents to and receiving documents from a device that is used by the user;
for example, by sending web pages to a web browser on a user's client device
in response to requests received from the web browser.

[0115] Embodiments of the subject matter described in this specification
can be implemented in a computing system that includes a back end component,
e.g., as a data server, or that includes a middleware component, e.g., an
application server, or that includes a front end component, e.g., a client
computer having a graphical user interface or a Web browser through which a
user can interact with an implementation of the subject matter described in this
specification, or any combination of one or more such back end, middleware,
or front end components. The components of the system can be interconnected

by any form or medium of digital data communication, e.g., a communication
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network. Examples of communication networks include a local area network
(“LAN”) and a wide area network (“WAN”), e.g., the Internet.

[0116] The computing system can include clients and servers. A client
and server are generally remote from each other and typically interact through
a communication network. The relationship of client and server arises by virtue
of computer programs running on the respective computers and having a client-
server relationship to each other.

[0117] Although the present disclosure has been described with reference
to certain preferred embodiments, it is to be understood that various other
adaptations and modifications can be made within the spirit and scope of the
present disclosure. Therefore, it is the aspect of the append claims to cover all
such variations and modifications as come within the true spirit and scope of

the present disclosure.
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[CLAIMS]
[Claim 1]
A control system for controlling motion of an ego vehicle, comprising:
a memory configured to store a nominal controller for controlling a
nominal motion of the ego vehicle subject to a nominal constraint and an
evasive controller for controlling an evasive maneuver of the ego vehicle
subject to an evasive constraint different from the nominal constraint, wherein
the nominal controller is configured to produce a nominal control command
according to a movement objective of the ego vehicle, wherein the evasive
controller is configured to produce an evasive control command by evaluating
a state function of a control parameter; and A
a processor coupled with executable instructions, when executed by the
processor, cause the control system to:
collect a feedback signal indicative of a current state of the ego
vehicle and a current state of an environment of motion of the ego vehicle;
process the feedback signal to determine a region of the state of
the ego vehicle uplifted with admissible values of the control parameter
allowing the evasive maneuver to satisfy the evasive constraint in case of
detecting a fault;
process the feedback signal with the nominal controller to
produce the nominal control command maintaining the state of the ego
vehicle within the determined region of the state of the ego vehicle,
evaluate the state function of the evasive controller with a value
of the control parameter from the determined region of the state of the ego
vehicle to produce the evasive control command; and
control the motion of the ego vehicle according to the nominal
control command when the fault is not detected; and otherwise

control the motion of the ego vehicle according to the evasive
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control command.
[Claim 2]

The control system of claim 1, wherein the nominal controller is further
configured to solve an optimization problem to produce the nominal control
command and the value of the control parameter for the evasive controller.
[Claim 3]

The control system of claim 1, wherein the value of the control
parameter for the evasive controller is selected according to the region of the
state of the ego vehicle, based on the state of the ego vehicle when the fault is
detected.

[Claim 4]

The control system of claim 1, wherein the memory is further
configured to store a table including different faults and corresponding risk
zones, corresponding constraints to be satisfied, corresponding traffic rules to
be satisfied, and corresponding evasive controllers, wherein the processor is
further configured to:

determine, based on the feedback signal, one or more possible faults in
the environment;

detect if a fault from the one or more possible faults occurred in the
environment;

determine, from the table, a risk zone, constraints to be satisfied, traffic
rules to be satisfied, and an evasive controller, corresponding to the detected
fault, wherein the determined evasive controller is configured to produce a
corresponding evasive control command by evaluating a corresponding state
function dependent on a corresponding control parameter; and

control the motion of the ego vehicle according to the produced evasive

control command.
[Claim 5]
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The control system of claim 1, wherein the memory is further
configured to store a set of evasive controllers for controlling different
evasive maneuvers of the ego vehicle subject to corresponding evasive
constraints different from the nominal constraint, wherein each of the
different evasive controllers is configured to produce a corresponding evasive
control command by evaluating a corresponding state function dependent on a
corresponding control parameter, wherein the processor is further configured
to:

classify the feedback signal to estimate likelihoods of different faults,
wherein each fault defines a risk zone region of the ego vehicle;

select a corresponding evasive controller from the set of evasive
controllers for each fault having the likelihood greater than a threshold,

determine for each selected evasive controller a corresponding region
of the state of the ego vehicle uplifted with admissible values of the
corresponding control parameter allowing the selected evasive maneuver to
satisfy the corresponding evasive constraint in case of detecting the
corresponding fault; and

evaluate the state function of the evasive controller selected for the
detected fault, with a value of the corresponding control parameter from the
region of the state of the ego vehicle uplifted with admissible values of the
corresponding control parameter.

[Claim 6]

The control system of claim 5, wherein, to classify the feedback signal,
the processor is further configured to execute a neural network trained with
machine learning.

[Claim 7]
The control system of claim 1, wherein, to determine the region of the

state of the ego vehicle uplifted with admissible values of the control
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parameter allowing the evasive maneuver to satisfy the evasive constraint in
case of detecting the fault, the processor is further configured to:

compute one or more regions where the evasive maneuver is within a
risk zone at a future time instant;

compute a union of the one or more regions;

compute a complement of the union of the one or more regions;

compute a region where constraints and traffic rules are satisfied; and

compute a safe region that corresponds to the region of the state of the
vehicle, based on the complement of the union of the one or more regions,
and the region where the constraints and the traffic rules are satisfied.
[Claim 8]

The control system of claim 7, wherein, to compute the safe region as a
convex safe region, the processor is further configured to:

select a point outside of the complement of the union of the one or
more regions;

compute a projection from the selected point to each region of the one
or more regions;

compute vectors of differences between the selected point and each of
the projection of the selected point into each region;

construct, based on the computed vectors, one or more hyperplanes;

construct one or more halfspaces based on the one or more
hyperplanes; and

construct the convex safe region as intersection of the one or more
halfspaces.
[Claim 9]

The control system of claim 7, wherein the processor is further
configured to compute the safe region based on a relative motion model of the

ego vehicle with respect to the risk zone.
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[Claim 10]

The control system of claim 1, wherein the evasive controller is further
configured to compute the evasive control command to generate the evasive
maneuver by summing a first term and a second term, wherein the first term
in obtained by multiplying the state of the ego vehicle by a first constant
matrix gain and the second term is obtained by multiplying the control
parameter by a second constant matrix gain.

[Claim 11]

The control system of claim 1, wherein the value of the control
parameter is constant through the evasive maneuver.
[Claim 12]

The control system of claim 1, wherein the processor is further
configured to solve an optimization problem to produce the nominal control
command, wherein the region of the state of the ego vehicle uplifted with
admissible values of the control parameter is enforced as a constraint in the
optimization problem, and wherein the optimization problem is based a
nominal model of vehicle motion.

[Claim 13]

The control system of claim 12, wherein the constraint and the nominal
model of vehicle motion are linear, and the optimization problem is a
quadratic program.

[Claim 14]

The control system of claim 1, wherein the processor is further
configured to solve an optimization problem to produce the nominal control
command, wherein the optimization problem includes binary decision
variables which, for each fault, select a safe region and the evasive maneuver,
wherein the region of the state of the ego vehicle uplifted with admissible

values of the control parameter is enforced as a constraint in the optimization
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problem, and wherein the optimization problem is based a nominal model of
vehicle motion. |
[Claim 15]

The control system of claim 14, wherein the constraint and the nominal
model of vehicle motion are linear, and the optimization problem is a mixed
integer quadratic program.

[Claim 16]

The control system of claim 1, wherein the ego vehicle includes one or
a combination of an autonomous vehicle and a semi-autonomous vehicle.
[Claim 17]

A method for controlling motion of an ego vehicle, wherein the method
uses a processor coupled to a memory storing a nominal controller for
controlling a nominal motion of the ego vehicle subject to a nominal
constraint and an evasive controller for controlling an evasive maneuver of
the ego vehicle subject to an evasive constraint different from the nominal
constraint, wherein the nominal controller is configured to produce a nominal
control command according to a movement objective of the ego vehicle,
wherein the evasive controller is configured to produce an evasive control
command by evaluating a state function of a control parameter, the processor
is coupled with stored instructions when executed by the processor carry out
steps of the method, comprising:

collecting a feedback signal indicative of a current state of the ego
vehicle and a current state of an environment of motion of the ego vehicle;

processing the feedback signal to determine a region of the state of the
ego vehicle uplifted with admissible values of the control parameter allowing
the evasive maneuver to satisfy the evasive constraint in case of detecting a
fault;

processing the feedback signal with the nominal controller to produce
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the nominal control command maintaining the state of the ego vehicle within
the determined region of the state of the ego vehicle;

evaluating the state function of the evasive controller with a value of
the control parameter from the determined region of the state of the ego
vehicle to produce the evasive control command; and

controlling the motion of the ego vehicle according to the nominal
control command when the fault is not detected; and otherwise

controlling the motion of the ego vehicle according to the evasive
control command.

[Claim 18]

The method of claim 17, wherein the nominal controller is further
configured to solve an optimization problem to produce the nominal control
command and the value of the control parameter for the evasive controller.
[Claim 19]

The method of claim 17, wherein the value of the control parameter for
the evasive controller is selected according to the region of the state of the ego
vehicle, based on the state of the ego vehicle when the fault is detected.
[Claim 20]

A non-transitory computer readable storage medium embodied thereon
a program executable by a processor for performing a method, the storage
medium stores a nominal controller for controlling a nominal motion of the
ego vehicle subject to a nominal constraint and an evasive controller for
controlling an evasive maneuver of the ego vehicle subject to an evasive
constraint different from the nominal constraint, wherein the nominal
controller is configured to produce a nominal control command according to a
movement objective of the ego vehicle, wherein the evasive controller is

configured to produce an evasive control command by evaluating a state
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function of a control parameter, the program when executed by the processor
carry out steps of the method, comprising:

collecting a feedback signal indicative of a current state of the ego
vehicle and a current state of an environment of motion of the ego vehicle;

processing the feedback signal to determine a region of the state of the
ego vehicle uplifted with admissible values of the control parameter allowing
the evasive maneuver to satisfy the evasive constraint in case of detecting a
fault;

processing the feedback signal with the nominal controller to produce
the nominal control command maintaining the state of the ego vehicle within
the determined region of the state of the ego vehicle;

evaluating the state function of the evasive controller with a value of
the control parameter from the determined region of the state of the ego
vehicle to produce the evasive control command; and

éontro]ling the motion of the ego vehicle according to the nominal
control command when the fault is not detected; and otherwise

controlling the motion of the ego vehicle according to the evasive

control command.
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