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Description

FIELD OF THE INVENTION:

[0001] The present invention relates to a guidance method and system suitable for use with autonomously guided
and man-in-the-loop guided vehicles where the presence of obstacles and/or threats must be considered in guiding
the vehicle to a destination.

BACKGROUND OF THE INVENTION

[0002] During the travel of an autonomously guided or man-in-the-loop guided vehicle towards a destination, there
may be obstacles, impediments and/or threats present in the path of travel which must be avoided which otherwise
would prevent the vehicle from reaching its destination or would cause damage to the vehicle. Various guidance aug-
mentation concepts have been suggested for avoiding obstacles, operational boundaries, and/or threats. Generally,
these concepts have been developed with the approach such that if no impediments are present, then the travel of the
guided vehicle is not changed. However, if impediments are present, these concepts provide the guidance system with
directions diverting the vehicle around the impediment to allow the vehicle to proceed to the desired destination.
[0003] These avoidance methods have been used, for instance, in the field of tactical missiles. There, during the
launch, flight, and intercept phases of flight, there are numerous constraints on the guidance system that result from
obstacles or operational limitations that must be accommodated in addition to the requirement that the missile be
guided so as to hit the target. Some of these constraints include maneuverability constraints based on dynamic, kin-
ematic, and/or mechanical constraints of the vehicle; operational envelope constraints such as maximum altitude or
minimum altitude limitations on the vehicle; obstacle constraints, such as friendly airborne assets; and, threat con-
straints such as enemy assets which may target the vehicle in an attempt to destroy the vehicle. All of these factors
are significant considerations in shaping the trajectory of the missile during its flight. Various textbook guidance methods
that have been proposed will be briefly discussed below. These methods, however, do not take into account all of those
constraints and therefore would benefit from augmentation in some form prior to implementation in a real world appli-
cation.
[0004] A first known method for accommodating guidance constraints is known as a waypoint method. This guidance
method uses waypoints or intermediate points along a trajectory. One such concept is described in the article "Obstacle-
Avoidance Automatic Guidance: A Concept Development Study" by Victor H. L. Cheng, published in AIAA Journal,
Paper Number 88-4189-CP, 1988. The basic idea behind the waypoint concept is that if an obstacle, operational bound-
ary, or threat is perceived, a set of waypoints is constructed such that an avoidance path can be achieved. This concept
is illustrated in Figure 1. As shown in Figure 1, a vehicle 10 can be navigated from a starting point 110 to a destination
140 via waypoints 120 and 130. To generate an efficient trajectory, the waypoints must be selected carefully. The
waypoint method is suitable for applications where the impediments are stationary and are not dynamic.
[0005] Another known avoidance method is to use optimal guidance strategies to steer a vehicle around obstacles
or boundaries. One such approach is described in the article "Control Theoretic Approach to Air Traffic Conflict Res-
olution", AIAA Journal, Paper Number 93-3832-CP, 1993. This method involves the definition of a cost function that
measures the quality or goodness of a particular trajectory and which optimizes the cost function over a set of possible
trajectories. The construction of the cost function is generally based on the dynamics or relative motion of the obstacles,
operational boundaries, and/or threats to the missile. Generally, this method must be solved numerically and can require
large amounts of real time processing to solve. Also, the addition of multiple obstacles, operational boundaries, and/
or dynamic threats in the operation or flight significantly increases the complexity of the cost function and thus further
increases processing requirements.
[0006] Another avoidance method relies upon mathematical representations of potential fields. In this approach,
sources, which are potential field elements that provide a mathematically repelling force, can be used individually or
as a surface to provide a range dependent force in order to push the missile guidance away from the obstacle. Sources
have a unique quality in that the amount of repelling force is inversely proportional to the distance from the source. For
example, a missile that is close to a source will be pushed away with greater force than a missile that is far from the
source. Because of this range dependent characteristic, and because sources are computationally efficient to use,
sources can be used in a large number of avoidance applications. However, source methods have a drawback that, if
they are not modified, they will affect the guidance commands by directing the vehicle away from the obstacle throughout
the trajectory of the vehicle because the source has an infinite range of influence. US patent 5 006 988 gives an
example of obstacle-avoiding navigation based on repulsive forces representing the obstacles.
[0007] A modification to the source approach adds a range boundary beyond which the source will not affect the
vehicle. One such approach is described in "Generation of Conflict Resolution Maneuvers for Air Traffic Management",
by Claire, et al., IEEE Journal, Paper No. 0/7803-4119-8, 1997. In this approach, the method will push the guidance
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command away from the obstacle only when the missile is inside the range boundary and will not affect the vehicle
when it is outside the boundary. One drawback to this method is that the guidance command is mathematically dis-
continuous across the boundary. Discontinuous commands are undesirable because they can cause instabilities in the
guidance solution in the circumstance when multiple obstacles, boundaries, or threats are encountered. Another draw-
back to this method is in regard to threat avoidance. Specifically, this method will tend to direct a vehicle along the
direction of the velocity of the threat in order to avoid the threat. However, if the threat has sufficient velocity to overtake
the vehicle and the source potential is located on the vehicle, the threat can nevertheless have a successful intercept.
The Claire, et al. article also mentions the use of vortex potential field elements in the construction of an avoidance
solution. Vortex elements are essentially planar rotation elements that push the field in a rotational direction about a
point. Vortex elements are not easily adapted to multi-dimensional spaces above two dimensions, because they are
two-dimensional elements. To apply a vortex element in a three-dimensional space would require knowledge of the
direction which the vortex would act about. In a dynamic situation, the addition of a vortex element would limit the
number of evasive solutions and would hinder the performance of an avoidance algorithm. Nevertheless, two-dimen-
sional applications of vortex elements can be appropriate in circumstances such as traffic management applications
where the flow of vehicles conforms to preestablished guidelines.
[0008] Another known avoidance method employs specific geometric boundary shapes to describe how an avoidance
maneuver is to be performed. These geometric methods use the surface tangents from the geometric boundary to
provide a direction of avoidance for the avoidance maneuver. One such avoidance approach is described in "A Self-
Organizational Approach for Resolving Air Traffic Conflicts", pages 239-254, by Martin S. Eby, published in The Lincoln
Laboratory Journal, Volume 7, No. 2, 1994. Such an approach is illustrated in Figure 2, where a vehicle 10 is traveling
in direction of arrow D and must avoid obstacle plane 200. A geometric boundary shape 210 is defined around obstacle
plane 200 at a radius rD which is the desired miss distance. In the case where the path of the subject plane 10 to its
destination 220 intersects the geometric boundary shape 210, an avoidance maneuver is necessary. In this circum-
stance, an avoidance velocity vector solution VS is found, in part, by forming a tangent 230 to the geometric boundary
210. A significant limitation to this method with regard to tactical missiles is that if the missile gets inside of the avoidance
geometric boundary, then the tangent vector to the surface no longer exists. The Claire, et al. article also discusses
how the size of the geometric boundary shape can be reduced in order to allow for calculation of a tangent. Specifically,
in the case where the missile gets inside of the avoidance geometric boundary, the geometric boundary shape is
reduced until the missile is returned to the exterior of the geometric boundary. The reduction of the size of the geometric
boundary can work for obstacle avoidance because as a subject vehicle approaches the surface geometry, the guidance
direction becomes more aggressive in an avoidance direction.
[0009] One shortcoming of the method occurs when trying to provide an operational boundary such as a maximum
altitude for a vehicle. One representation of an absolute altitude ceiling is a single sphere which surrounds the earth
at a specified altitude. Such a sphere, however, would immediately cause a problem with the above-described method
because the vehicle would always be inside the geometric boundary and thus no tangent could be formed. Such a
method would also have difficulty with an altitude ceiling limitation if a maximum altitude were represented by a plane.
In this case, the geometric tangent method would provide an avoidance command that was always parallel to the plane.
As a result, the desired avoidance command would be ignored at all times.
[0010] The tangent geometric boundary avoidance technique is also inadequate in the circumstance of launching a
missile from an aircraft. Specifically, the tangent method cannot accommodate the situation where the missile is inside
the geometric shape which surrounds the vehicle to be avoided. Thus, the geometric shape must be made very small.
However, if the geometric shape surrounding a launching aircraft is made small enough to allow the tangent method
to work, the geometric shape would be smaller than the aircraft to be avoided, no avoidance commands would be
issued, and the missile would be able to fly into the launching aircraft.
[0011] Accordingly, in view of the above, what is needed is an improved avoidance system and method which can
address the shortcomings outlined above.

SUMMARY OF THE INVENTION

[0012] An object of the present invention is to provide an avoidance system and method which addresses both static
and dynamic obstacles and which does not require specialized algorithms for dynamic obstacles.
[0013] Another object of the present invention is to provide an obstacle avoidance system and method which provide
a deterministic avoidance command and which does not require an iterative minimization algorithm for a solution.
[0014] A further object of the present invention is an avoidance system and method which comprehends the situation
where the vehicle is inside of a geometric boundary shape.
[0015] These objectives are achieved by the method of maneuvering a vehicle as defined in claim 1, the method of
maneuvering a first vehicle in relation with a second vehicle as defined in claim 23, the apparatus for maneuvering a
vehicle as defined in claim 24 and the computer program as defined in claim 46.
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[0016] According to the present invention, the foregoing objects are attained by blending together a distance-based
field element (such as source, sink, or vortex), a geometric boundary surface normal and tangent, an original guidance
command, and the distance to the obstacle to produce an avoidance command that will direct the missile away from
the obstacle and proceed in the general direction of the target destination.
[0017] The avoidance commands are constructed in a fashion such that, in the case where a vehicle is very close
to an obstacle, the avoidance command directs the vehicle in a direction to prevent collision. When a vehicle approaches
a geometric boundary, the avoidance command is blended from an anti-intercept direction to a direction that is a function
of a surface tangent, such that the avoidance command is continuous across the geometric boundary. Outside the
geometric boundary, the guidance command is blended with a vector that is a function of the surface tangent taken in
a distance dependent fashion to provide an avoidance direction along the desired direction of travel. As a result, the
inclusion of obstacles and/or threats in the operational space of a vehicle will produce an alteration to the nominal
guidance commands yet still allow the vehicle to travel to its intended final destination or final state. In the absence of
obstacles, operational boundaries or threats, the present invention will not alter the original guidance commands and
the vehicle will travel according to the original guidance implementation.
[0018] This invention may be applied in applications such as autonomous vehicles as well as vehicles employing
man-in-the-loop guidance. Specifically, such as in the situation of a flight director, an operator of the vehicle may be
informed of a proper guidance adjustment required to avoid an obstacle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] A more complete understanding of the present invention and its advantages will be readily apparent from the
following Detailed Description taken in conjunction with the accompanying drawings. Throughout the accompanying
drawings, like parts are designated by like reference numbers.

FIG. 1 shows an example of a vehicle being maneuvered along a flight path by the method of waypoints as known
in the prior art;
FIG. 2 shows a geometric boundary avoidance method of the prior art;
FIG. 3A shows a first embodiment where an avoidance command is determined in a case where the object is
contained inside a geometric boundary and where the vehicle is outside the geometric boundary;
FIG. 3B shows a detailed view of the vector analysis used in a first embodiment where an avoidance command is
determined in a case where the object is contained inside a geometric boundary and where the vehicle is outside
of the geometric boundary;
Fig. 3C shows a detailed view of the vector analysis used in a first embodiment where an avoidance command is
determined in a case where the object is contained inside a geometric boundary and where the vehicle is outside
of the geometric boundary and has passed the object;
FIG. 4 shows a first embodiment where an avoidance command is determined in the case where the object is
contained inside a geometric boundary and where the vehicle is also inside the geometric boundary;
FIG. 5 shows an operational boundary, such as a minimum altitude, to prevent the vehicle from flying below a
minimum altitude boundary limit;
FIG. 6 shows an operational boundary, such as a maximum altitude, to prevent the vehicle from climbing above
the boundary limit;
FIG. 7 shows an operational boundary to prevent a vehicle, such as a submarine, from entering a specified bound-
ary area;
FIG. 8 shows a vehicle avoidance process using the present invention in the situation where the vehicle is being
pursued by a threat;
FIG. 9A illustrates a missile launch from an aircraft without using the present invention to prevent the missile from
impacting the launching aircraft;
FIG. 9B shows an application of a missile launch from an aircraft using the present invention to prevent the missile
from impacting the launching aircraft;
FIGS. 10A and 10B show an application of the present invention to control vehicles traveling together in formation;
FIGS. 10C through 10E show another application of the present invention to control vehicles traveling together in
formation;
FIG. 11 is a vector field diagram representing a situation where only one obstacle is present;
FIG. 12 is a vector field diagram representing a situation where multiple obstacles are present in the vector field;
FIG. 13 is a vector field diagram representing the presence of multiple obstacles in the vector field with intersecting
obstacle boundaries;
FIG. 14 is a vector field diagram representing the presence of multiple obstacles having finite size with intersecting
obstacle boundaries;
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FIG. 15 is a vector field diagram representing the presence of multiple obstacles having finite size with intersecting
obstacle boundaries where the destination is inside a geometric boundary;
FIG. 16 is a vector field diagram representing the presence of multiple obstacles having finite size with intersecting
obstacle boundaries and the presence of a non-closed infinite boundary surface;
FIG. 17 is a vector field diagram representing the presence of multiple obstacles having finite size with intersecting
obstacle boundaries, the presence of a non-closed infinite boundary surface, and with tangent boundary direction
control;
FIG. 18 is a vector field diagram representing the presence of multiple obstacles having finite size with intersecting
obstacle boundaries, the presence of a non-closed infinite boundary surface with tangent boundary direction con-
trol, and with multiple potential types;
FIG. 19 is a vector field diagram illustrating application of the present invention for use as an automated flow
manager in traffic corridor;
FIG. 20 is a vector field diagram illustrating an application of the present invention in a Six-Degree-of-Freedom
(6DOF) vehicle control application;
FIG. 21 shows construction of the components for the 6DOF guidance method;
FIG. 22 is a block diagram of an autonomous vehicle guidance processing unit;
FIG. 23 is a block diagram of an automatic guidance processing unit for a piloted vehicle; and
FIG. 24 is a block diagram of a pilot controlled guidance processing unit for a piloted vehicle.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0020] Preferred Embodiments of the present invention will now be described in detail in reference to the various
drawings.
[0021] As noted above, an avoidance method and system in accordance with the present invention combine the
ability to avoid obstacles while allowing the vehicle to proceed to a final desired destination. In the case of a tactical
missile, the primary mission of the missile is to fly to a target destination, which may be in motion or at rest, and to
deliver at the destination a payload. Along the trajectory, the missile may encounter obstacles or impediments, which
may be in the form of friendly airborne assets, operational boundaries which may define altitude ceilings and floors,
and threats, which may try to intercept the missile during its mission. The objective of the avoidance method and system
is to provide a guidance command or direction (eavoid) which can direct the missile so as to avoid the obstacles and
still permit the vehicle to reach the intended target destination.
[0022] In order to operate, the present method and system require information about the state of each obstacle.
Such information may include the obstacle's position, velocity and heading, acceleration, or some other quantity which
can be used in the avoidance method computation. The method is not dependent on how the information is obtained,
however, the effectiveness of the resulting obstacle avoidance commands which result from the present method will
be influenced by the accuracy of the state information provided with regard to the obstacle(s).

FIRST EMBODIMENT

Obstacle Avoidance

[0023] A First Embodiment of the present invention is described in regard to an implementation where an obstacle
is contained inside a geometric boundary.

Vehicle Outside a Geometric Boundary of the Object

[0024] A First Embodiment of the present invention involves implementation of the obstacle avoidance method com-
putation where the vehicle to be maneuvered to avoid the obstacle is outside a geometric boundary of the obstacle as
shown in FIG. 3A. The geometric boundary includes the position of the obstacle and a region surrounding the obstacle.
FIG. 3A generally illustrates the situation where a vehicle 10 is approaching an object to be avoided 300, where the
object to be avoided 300 is contained inside a geometric boundary 310 and where the vehicle 10 is outside the geometric
boundary 310. Various guidance vectors "e" are shown in FIG. 3A, and will be individually described in more specific
detail below.
[0025] It should be noted that in the following discussion, when the boundary defines an object or region to be avoided,
the object and its surrounding region are referred to as a source element. When the boundary defines an object or
region towards which the vehicle is attracted, the object or region is referred to as a sink element. For the purpose of
understanding the present method, however, the repelling effect of a source or the attracting effect of a sink are different
principally in the sign (i.e., + or -) of the forces and vectors involved. The fundamental principles described next are
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otherwise the same for sources and sinks.
[0026] As illustrated in FIG. 3A, vehicle 10 travels at velocity VP following a nominal guidance command edesired
which represents the guidance command that vehicle 10 would be commanded to follow in the absence of any obstacle
whose presence would cause a deviation. Obstacle 300 may be moving at a velocity Vimp. However, for purposes of
discussion at this time, Vimp is substantially zero. Vector eint represents a line of intercept between the obstacle 300
and the vehicle 10. Point R represents the point of intersection of vector eint on the surface of the geometric boundary
310. Plane 320 is a plane which is tangent to the geometric boundary 310 at point R, and point R is the surface point
of tangency of plane 320. Vector eN is a surface normal vector at the surface point of tangency, R. Vector etan is a
vector representing a component of the nominal guidance command edesired projected onto tangent plane 320 and is
the component in the direction of the nominal guidance command edesired. As will be explained more fully below, plane
330 represents a transition zone between a state where the vehicle 10 is approaching the obstacle 300 and a state
where the vehicle 10 has overtaken and is receding from the obstacle 300. Vector e'tan is the geometric based avoidance
vector which is determined from eN and etan. Vector eavoid represents the resulting avoidance guidance command, the
computation of which will be explained below in reference to FIG. 3B.
[0027] FIG. 3B more specifically illustrates the applicable vectors used in determining the resulting avoidance guid-
ance command eavoid in a situation similar to that shown in FIG. 3A, where an object to be avoided is contained inside
a geometric boundary and the vehicle is outside the geometric boundary. For discussion purposes, all vectors in FIG.
3B are shown originating at R to demonstrate the relative relationship between the vectors.
[0028] As illustrated in FIG. 3B, a plane 320 tangent to a geometric surface of the geometric boundary 310 is defined
having its point of tangency at point R, which is the intersection of the geometric surface of the geometric boundary
with the vector eint defined by the relative position of a vehicle (not shown but positioned as if at R) to the obstacle 300.
Vector etan is a component of the nominal guidance command, edesired , when edesired is projected onto plane 320 so
that etan is in the direction of the nominal guidance command.
[0029] As shown in equations (1a) and (1b), the surface normal eN and the tangent direction at the surface point of
tangency etan are then combined through the use of linear or non-linear functions h1(x) and h2(x) to provide a geometric-
based avoidance vector e'tan. This approach blends vector eN with vector etan such that the geometric avoidance vector
e'tan can range from etan to eN depending on the value of functions h1(x) and h2(x). According to the First Embodiment,

where

where 0 ≤ h1(x) ≤ ∞ and 0 ≤ h2(x) ≤ ∞ , such that h1(x) and h2(x) are not both zero. For all equations of the form
above, functions such as h1(x) and h2(x) should be constructed such that iE'tani ≠ 0.
[0030] One particular example of functions h1(x) and h2(x) which satisfies the above criteria is where h2(x) is defined
as 1-h1(x), where 0 ≤ h1(x) ≤ 1. However, in the obstacle avoidance method of the present invention, functions h1(x)
and h2(x) need not be related. Any other avoidance functions may alternately be used in the computation so long as
they satisfy the above requirements.
[0031] Referring to FIGS. 3A and 3B, after geometric avoidance vector e'tan is determined, the resulting avoidance
guidance command eavoid is determined, as shown in equations (2a) and (2b), by blending together e'tan with edesired,
based on functions f1(x) and f2(x), such that eavoid can range from edesired to e'tan depending on the value of functions
f1(x) and f2(x). According to the First Embodiment,

where

where 0 ≤ f1(x) ≤ ∞ and 0 ≤ f2(x) ≤ ∞, such that f1(x) and f2(x) are not both zero; and where f2(x)=0, when the
vehicle is at or beyond point L, point L being a point on the influence surface 309 located a distance from the obstacle

e'tan = E'tan / iE'tani (1a)

E'tan = h1(x)eN + h2(x)etan (1b)

eavoid = Eavoid / iEavoidi (2a)

Eavoid = f1(x)edesired + f2(x)e'tan (2b)
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300 to be avoided along eint; and f1(x)=0, when the vehicle 10 is at point R. Further, functions f1(x) and f2(x) should be
constructed such that iEavoidi ≠ 0.
[0032] One particular example of functions f1(x) and f2(x) is where f2(x) is defined as 1-f1(x), where 0 ≤ f1(x) ≤ 1.
However, in the obstacle avoidance method of the present invention, functions f1(x) and f2(x) need not be related.
Other avoidance functions may alternately be used in the computation.
[0033] As noted above for FIG. 3A, plane 330 represents a transition zone for changing the avoidance command as
the vehicle 10 overtakes and passes the obstacle 300. More specifically, when the vehicle is outside the geometric
boundary 310 of the obstacle 300, if the avoidance guidance command eavoid, as described and determined above, is
applied as the vehicle 10 overtakes and passes the obstacle 300, the guidance command generated will unnecessarily
and undesirably follow the etan vector after passing the obstacle 300.
[0034] Referring now to FIG. 3C, once the vehicle 10 has passed the obstacle 300, the e'tan vector can be blended
with the edesired vector by using continuous linear or non-linear functions g1(x) and g2 (x) to construct etan*. The vector
etan* is constructed based on e'tan and edesired through functions g1(x) and g2(x) so that etan* → e'tan when the vehicle
10 is approaching the obstacle 300 and etan* → edesired after the vehicle 10 passes the obstacle 300 while remaining
outside the geometric boundary 310. Like functions, h1(x) and h2(x), functions g1(x) and g2(x) may be limited to operation
over a specified range, γ.
[0035] Vector etan* can be described in accordance with functions (3a), (3b) and as follows:

where

where 0 ≤ g1(x) ≤ ∞ and 0 ≤ g2(x) ≤ ∞, such that g1(x) and g2(x) are not both zero; and g2(x)=0, when the vehicle
10 is at an end 306 of the transition range γ, and g1(x)=0 when the vehicle 10 is at a beginning 307 of the transition
range γ. Further, functions g1(x) and g2(x) should be constructed such that iEtani ≠ 0.
[0036] In an exemplary embodiment, g1(x) = g1(x,γ) and g2(x) = g2(x,γ) where g2(x,γ) = 1- g1(x,γ) and where γ is a
continuous multi-variable function which describes the spatial boundary over which the command will be transitioned
from edesired to e'tan.
[0037] Thus, in equations above, when functions g1(x) and g2(x) are used to modify the behavior of the avoidance
command as the vehicle 10 passes the obstacle 300, etan* may then be substituted into equation (2b) to yield equation
(4b), shown below, which is a more robust solution for obtaining edesired and which addresses the desirable transition
of the guidance command after the vehicle 10 passes the obstacle 300.

where f1(x) and f2(x) are as defined above in regard to equations (2a) and (2b), and where etan* is determined
as defined above in regard to equations (3a) and (3b).
[0038] As was discussed above in previous computations of the method, eavoid is computed by the following equation:

[0039] It will be appreciated by those skilled in the art that all functions described herein may be either linear or non-
linear continuous functions. Also, for simplicity, the parameter, x, is used as the variable parameter of all functions
throughout the discussion of the obstacle avoidance method computation. The variable "x" may represent a parame-
terized constant or set of constants, varying function, or family of functions. For example only and not by way of limi-
tation, "x" may represent position, distance, time, angle, and/or acceleration. It will be appreciated by those skilled in
the art that "x" may represent multiple functions or a multi-variable function, e.g. d(x) may instead be d(a,b) or d(a,b,
γ). It will further be appreciated by those skilled in the art that "x" need not represent the same parameter or set of
parameters in every function of an equation, nor need it represent identical variables in functions of different equations
of the obstacle avoidance method computation.

etan* = Etan* / iEtan*i (3a)

Etan* = g1(x) edesired + g2(x)e'tan (3b)

Eavoid = f1(x)edesired + f2(x)etan* (4b)

eavoid = Eavoid / iEavoidi (4a).
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Both Vehicle and Object are Inside a Geometric Boundary

[0040] The situation discussed above relative to FIGS. 3A, 3B and 3C addresses the situation where the object to
be avoided 300 is contained inside of a geometric boundary 310 and where the approaching or retreating vehicle 10
is outside the geometric boundary 310. As will be discussed next with regard to FIG. 4, the First Embodiment of the
present invention can also easily address the situation where both the vehicle 10 and the object to be avoided 300 are
inside of a geometric boundary 310
[0041] FIG. 4 generally illustrates the situation where a vehicle 10 is approaching an object to be avoided 300, where
both the object to be avoided 300 and the vehicle 10 are contained inside the geometric spatial boundary 310. Various
guidance vectors "e" shown in FIG. 4 generally correspond to the guidance vectors shown in FIGS. 3A and 3B and
will be more specifically described below.
[0042] Vehicle 10 travels at velocity Vp following a nominal guidance command edesired which represents the guidance
command that vehicle 10 would be commanded to follow in the absence of any obstacle whose presence would cause
a deviation. Vector Vimp represents the velocity of the obstacle 300 and is considered for illustrative purposes only to
be zero. Vector eint represents a line of intercept between the vehicle 10 and the obstacle 300. Point R represents the
point of intersection of vector eint on the surface of the geometric boundary 310. Plane 320 is a plane which is tangent
to the geometric boundary 310 at the surface point of tangency R. Vector eN is a surface normal vector at the surface
point of tangency R. Vector etan is a vector representing the projection of the nominal guidance command edesired onto
tangent plane 320 and is in the direction of the nominal guidance command edesired. As shown in FIGS. 3A and 4,
plane 330 represents a transition zone between a state where the vehicle 10 is approaching the obstacle 300 and a
state where the vehicle 10 has overtaken and is receding from the obstacle 300. Vector e'tan is the geometric based
avoidance vector which is determined from eN and etan. Vector eavoid represents the resulting avoidance guidance
command, the computation of which will be explained below.
[0043] In the case where the vehicle 10 is inside the geometric boundary 310 (FIG. 4), as with the case where the
vehicle 10 is outside the geometric boundary surface 310 (FIG. 3A), a geometric-based avoidance vector e'tan is de-
termined in accordance with equations (1a) and (1b) by blending the surface normal eN and the tangent direction at
the surface point of tangency etan through the use of the functions h1(x) and h2(x). As noted above, this approach
blends vector eN with vector etan such that the geometric avoidance vector e'tan can range from etan to eN depending
on the value of functions h1(x) and h2(x). To avoid discontinuity in the calculation at the surface of the geometric bound-
ary for the case where the vehicle 10 is inside the geometric boundary 310, it is preferable that h1(x) and h2(x) be the
same functions as h1(x) and h2(x) in the case where the vehicle 10 is outside the geometric boundary 310. If the
discontinuity is large enough, it may produce an unstable guidance mode whereby the guidance command will oscillate
about a surface of the geometric boundary 310 and not produce the desired avoidance effect.
[0044] After the geometric avoidance vector e'tan is determined, the resulting avoidance guidance command eavoid
is determined. Unlike the approach shown in equations (2a) and (2b), which are applied in the situation where the
vehicle 10 is outside the geometric boundary 310, in the case where the vehicle 10 is inside of the geometric boundary
310, eavoid is determined based on e'tan and eint. More specifically, as shown in equations (5a) and (5b), eavoid is
determined by blending together e'tan with eint, based on functions f'1(x) and f'2(x), such that eavoid can range from eint
to e'tan depending on the value of the functions f'1(x) and f'2(x). In this situation,

where

where 0 ≤ f'1(x) ≤ ∞, 0 ≤ f'2(x) ≤ ∞, such that f'1(x) and f'2(x) are not both zero; f'2(x)=0, when the vehicle 10 is
coincident with a surface of the obstacle 300, and where f'1(x)=0, when the vehicle 10 is at point R. As with the previous
example, both f'1(x) and f'2(x) are linear or non-linear continuous functions with x being a parameterized constant,
function, or family of functions used in the description of functions f'1(x) and f'2(x), where D is the local distance from
the obstacle or point to be avoided 300 along eint to the geometric surface point of tangency R. Further, functions f'1
(x) and f'2(x) should be constructed such that iEavoidi ≠ 0.
[0045] Although not shown, after vehicle 10, which is inside geometric boundary 310, passes obstacle 300, which
is also inside geometric boundary 310, the guidance command can be modified in a manner similar to that of eqns.
(3A) and (3B) . Once the vehicle 10 has passed the obstacle 300, the e'tan vector can be blended with the edesired

eavoid = Eavoid / iEavoidi (5a)

Eavoid = f'1(x)eint + f'2(x)e'tan (5b)
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vector by continuous linear or non-linear functions g1(x) and g2(x) to construct etan*. The vector etan* is constructed
based on e'tan and edesired through function g(x) so that etan* → e'tan when the vehicle 10 is approaching the obstacle
300 and etan* → edesired after the vehicle passes the obstacle, and where etan* can be described in accordance with
eqns. (3a) and (3b). Like functions h1(x) and h2(x), functions g1(x) and g2(x) may be limited to operation over a specified
range, γ. As with the functions, h1(x) and h2(x), described above, it is preferable that functions g1(x) and g2 (x) be the
same as g1(x) and g2(x) for the case where the vehicle is outside the geometric boundary in order to avoid potential
discontinuity at the geometric boundary surface.
[0046] When the functions g1(x) and g2(x) are used to modify the behavior of the avoidance command as the vehicle
10, inside the geometric boundary 310, passes the obstacle 300, etan* may be substituted into equation (5b) to yield
equations (6a) and (6b), shown below, which is a more robust solution for obtaining eavoid and which addresses the
desirable transition of the guidance command after the vehicle 10 passes the obstacle 300. In the above situation:

where

where f'1(x) and f'2(x) are as defined above in regard to equations (5a) and (5b), and where etan* is determined
as defined above in regard to equations (3a) and (3b).
[0047] To reiterate, during application of the spatial avoidance method, as the vehicle 10 is approached by, or ap-
proaches an obstacle and is outside of the geometric boundary, the direction edesired will be modified based on a
function of the tangent of the geometric boundary (eqns. 1a, 1b, 2a and 2b) and based on a function of the approaching
or retreating obstacle state (eqns. 3a, 3b, 4a and 4b). Thus, at the boundary surface, the vehicle will be directed to fly
tangent to the boundary and consequently fly around the obstacle along the edge of the boundary surface. When the
vehicle has sufficiently avoided the obstacle, as determined by eqns. (3a) and (3b), the avoidance command is tran-
sitioned from an avoidance trajectory to the desired trajectory.
[0048] However, if the vehicle 10 penetrates the boundary, the direction edesired will be modified based on a function
of the tangent of the geometric boundary (eqns. 1a, 1b, 5a and 5b), and based on a function of the approaching or
retreating obstacle state (eqns. 3a, 3b, 6a and 6b), such that the vehicle will be directed away from the obstacle. The
method is continuous at the boundary surface because when the vehicle is just inside of the boundary, the vehicle is
directed to fly along a tangent of the boundary, therefore providing a continuous transition through the boundary. The
avoidance direction is transitioned from the boundary tangent, to a direction away from the boundary tangent, based
on (for example) the distance y from the obstacle (eqns. 1a, 1b, 5a and 5b). When the vehicle has sufficiently avoided
the obstacle, the avoidance command is transitioned from an avoidance trajectory to the desired trajectory (eqns. 3a,
3b, 6a and 6b).
[0049] These concepts of avoidance are not limited to the specific geometric spaces (i.e., 3-dimensional space) as
described previously. These avoidance concepts may be used to avoid acceleration, velocity, or other mathematically
defined obstacles in N dimensional space. The implementation methodology will be the same. That is to say, the
application of eqns. 1 through 6 would be the same, although the weighting functions associated with those equations
would become more complicated. An implementation for such an algorithm can be in the avoidance of guidance algo-
rithm singularities, whereby the resulting guidance command would be the zero vector. This construction can involve
the position, velocity and the acceleration of the vehicle as well as the position, velocity and acceleration of the target.
[0050] For instance, one of ordinary skill in the art will appreciate that a mathematically defined obstacle to be avoided
can include a singularity in a vehicle primary control algorithm at which a defined response does not exist. Accordingly
such singularity can be mathematically defined as an obstacle to be avoided by the avoidance algorithm of the present
invention. With this approach, the avoidance algorithm will cause the vehicle to be maneuvered such that it does not
reach a state where the primary control algorithm is at a singularity.
[0051] Another implementation could be in the construction of an avoidance algorithm to control the body orientation
of a vehicle during approach to a destination so that the line of sight to the destination is maintained to be not more
than X degrees off the vehicle bore-sight (x-direction). In this instance the obstacle is not a material item but a math-
ematical construction. In addition, the boundary surface for this construction is a cone emanating from some point
relative to the vehicle along the body x and having a cone angle of 2X. The avoidance algorithm would be constructed
using the same equations as before. However, the definitions of the weighting functions would be more involved.

eavoid = Eavoid / iEavoidi (6a)

Eavoid = f'1(x)edesired + f'2(x)etan* (6b)
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SECOND EMBODIMENT

(Operational Boundary Avoidance)

Example 1: Minimum Altitude

[0052] Application of the method and system of the present invention to avoidance of operational boundaries (rather
than obstacles) is described next as a second preferred embodiment. As will be explained further below, the basic
approach is the same as outlined for the first embodiment.
[0053] Operational boundaries, outside of which a vehicle travels normally, can be addressed with the method of the
present invention as described above. For instance, as illustrated in FIG. 5, if an operational boundary for a vehicle is
a minimum altitude, a sphere can be used as a geometric boundary 310 having a center located at the center of the
earth and having a radius suitable to place a surface of the sphere at the desired minimum altitude. Accordingly, by
following the approach described above for avoidance of obstacles, the vehicle 10 would avoid flying below the minimum
altitude boundary 310 and hence not impact the surface 300. In this situation, an oblate spheroid represents the min-
imum altitude boundary 310 of the vehicle 10 and corresponds to the obstacle 300 in the prior descriptions. As will be
appreciated by those skilled in the art, the geometric boundary 310 described in all examples and embodiments herein
is not limited to a sphere surrounding an object 300 and may be a continuous regular or irregular geometry which may
be fluid in shape and as complicated as required.
[0054] FIG. 5 illustrates the avoidance guidance command eavoid for a vehicle 10 in each of positions A, B and C
shown. In FIG. 5, R represents the surface point of tangency on the minimum altitude boundary surface and P represents
an intercept point on the surface 300 to be avoided. Vector eNI represents normal vector to the surface to be avoided
at point P. The other vectors shown in FIG. 5 have the same meaning as do the vectors by the same names shown in
FIGS. 3A, 3B and 4. Equations used to solve for eavoid for a vehicle 10 located at positions A, B, and C are similar to
those of eqns. (1a) through (6b) above.

Example 2: Maximum Altitude

[0055] Another operational boundary which can be addressed by the present invention is a maximum altitude bound-
ary. Like the minimum altitude boundary situation illustrated in FIG. 5, the maximum altitude boundary scenario illus-
trated in FIG. 6 uses an oblate spheroid to represent the maximum ceiling 300, which corresponds to a surface of the
obstacle 300 in the prior descriptions. A maximum ceiling geometric boundary 310 is defined a predetermined distance
from the maximum ceiling spheroid 300 and the approach described above for the First Embodiment is used to deter-
mine avoidance guidance commands for the present conditions.
[0056] FIG. 6 illustrates the avoidance guidance command eavoid for a vehicle 10 in each of positions A, B and C
shown. In FIG. 6, R represents the surface point of tangency on the maximum altitude boundary 310 and P represents
an intercept point on the surface 300 to be avoided. Vector eNI represents normal vector to the surface 300 to be
avoided point P. The other vectors shown in FIG. 6 have the same meaning as the vectors by the same names shown
in FIGS. 3A, 3B and 4. Equations used to solve for eavoid for a vehicle 10 at positions A, B and C are similar to those
of eqns. (1a) through (6b) above.

Example 3: Use for Navigation of a Submerged Vehicle

[0057] While the geometric boundary surfaces have been illustrated thus far as surfaces of simple geometry, and
while the exemplary vehicles described thus far have been aircraft or missiles, the method of the present invention is
equally applicable to other types of implementations. For instance, the method can be applied to the navigation of a
submarine while traveling submerged and can be applied to boats and shipping vessels as well.
[0058] FIG. 7 illustrates an irregularly shaped geometric boundary surface 310 as may be applied in an application
for obstacle avoidance for a submarine 10 application. The actual terrain to be avoided can be simulated by a smoothed
surface 300 to simplify the topography of the geometric boundary surface 310. Because the relevant guidance vectors
and determination of avoidance guidance command eavoid are the same as illustrated and described in regard to the
prior examples, FIG. 7 omits these details for brevity and clarity. However, equations used to solve for eavoid in this
application are similar to those of eqns. (1a) through (6b) above.

Example 4: Avoidance of Moving Obstacles:

[0059] While the above example situations illustrate obstacles which a vehicle must avoid, the present method is
equally applicable to avoidance of active threats or moving obstacles. In the case of an approaching threat, if the
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position of the threat is known, a geometric boundary can be defined around the threat position and the geometric
boundary position of the threat can be continually updated. A vehicle which is being guided in accordance with the
present method will thus automatically be directed to avoid the boundary and thus the threat position even as the
obstacle or threat moves in relation to the moving vehicle.
[0060] Avoidance of a threat is illustrated in FIG. 8 showing a moving vehicle 10 having a geometric boundary 310
moving with the vehicle 10, and a moving obstacle to be avoided, a missile 300. As illustrated in FIG. 8, the avoidance
commands change, due to use of the present method, based on the relative position between the moving vehicle 10
and the moving threat missile 300. Specifically at threat positions t1, t2, t3, t4, t5 and t6, the corresponding avoidance
guidance commands are shown as a1, a2, a3, a4, a5 and a6. In the case corresponding to threat position t1, where
the missile 300 is outside the geometric boundary 310, the commands are blended between the desired flight path
edesired and the tangent based avoidance path e'tan. In the case corresponding to threat positions t2-t4, where the
missile is outside the geometric boundary but closer than position t1, the weighting of the tangent based avoidance
direction is increased. In the case corresponding to threat position t5, where the missile is at the surface point of
tangency, R, the avoidance command a5 is based on the geometric boundary tangent avoidance command e'tan. In
the case corresponding to threat position t6, where the missile is inside of the geometric boundary 310, the avoidance
command is weighted between an anti-intercept command and a tangent based command as described in eqns. (5a)
and (5b) above for the First Embodiment. Thus, e'tan and the functions used to calculate it must be reevaluated at each
point along the flight path to continually update the steering command, eavoid. Because the relevant guidance vectors
and determination of avoidance guidance command eavoid are the same as illustrated and described in regard to the
prior examples, FIG. 8 omits these details for brevity and clarity. However, equations used to solve for eavoid in this
application are similar to those of eqns. (1a) through (6b) above.

Example 5: Avoiding Moving Object Launched from Moving Vehicle

[0061] As noted in the background of the invention, one shortcoming with the conventional avoidance technique
based on use of geometric boundary shapes occurs in the situation of launching a missile from an aircraft. Specifically,
because the conventional boundary shape method requires that the geometric shape be made very small so that the
vehicle and the missile are not both inside the geometric shape, the resulting geometric shape would be smaller than
the vehicle to be avoided and the missile would thus be able to fly into the launching aircraft. As illustrated in FIG. 9A,
at the time of launch, a missile 410 and launching aircraft 420, both within the geometric shape 310, have the same
velocity and direction vector. The desired missile guidance command, however, would potentially cause the missile
410 to pull up upon launch and strike the aircraft 420.
[0062] In contrast, the method according to present invention, is able to provide avoidance guidance commands
which will cause a launched missile 410 to avoid the aircraft 420 from which it is launched. As illustrated in FIG. 9B, a
launched missile 410 would first maneuver outside of the geometric boundary 310 which surrounds the aircraft 420
and then turn onto the desired guidance course. More specifically, FIG. 9B shows the missile guidance states at four
points during the launch and flight sequence, P1, P2, P3, and P4. At positions P1 and P2, which correspond to the
situation where the missile 410 is inside the geometric boundary 310, the boundary tangent vector and a vector having
a direction opposite to the center of the aircraft are blended together to obtain the avoidance command as described
above with reference to the First Embodiment. (In this example, the center of the aircraft is defined as a reference point
on the aircraft that represents the whole aircraft). At position P3, which corresponds to the situation where the missile
410 is at the surface of the geometric boundary 310, the avoidance command is based on the geometric boundary
tangent avoidance vector. At position P4, which corresponds to the situation where the missile 410 is outside of the
geometric boundary 310, the avoidance command is obtained by blending together the geometric boundary tangent
command e'tan, and the desired missile guidance command, precisely as shown and illustrated in FIG. 3A and as
described in the text accompanying FIG. 3A. Thus, e'tan and the functions used to calculate it must be reevaluated at
each point along the flight path to continually update the steering command, eavoid. Because the relevant guidance
vectors and determination of avoidance guidance command eavoid are the same as illustrated and described in regard
to the prior examples, FIG. 9B omits these details for brevity and clarity. However, equations used to solve for eavoid
in this application are similar to those of eqns. (1a) through (6b) above.

THIRD EMBODIMENT

(Control of Vehicles in Formation)

[0063] The method by which the present invention may be used for control of vehicles traveling in formation is de-
scribed next as a third preferred embodiment. This embodiment builds on previous embodiments with the addition of
sink elements for position, velocity and other state control.
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[0064] As previously noted, an object to be avoided, and/or the surrounding region, can be referred to as a source
element, while objects or regions towards which the vehicle is attracted can be referred to as sink elements.

Example 1: Geometric Boundary Formed from Source and Sink Elements

[0065] As indicated above, the method of the present invention may be used to maintain control of vehicles in for-
mation and to maintain the position and separation of the vehicles in that formation. One approach in accordance with
the present method is to replace the source elements inside of a geometric boundary with sink elements in combination
with previously mentioned avoidance boundaries. Because a vehicle is attracted to sink elements, the sink elements
will thus guide the vehicle to a particular location or guide the vehicle to a particular speed and location, and keep the
vehicle from colliding with other vehicles in the formation.
[0066] FIGS. 10A and 10B illustrate the situation where two aircraft 420A and 420B are operating in a formation. In
one approach, lead aircraft 420A provides data to trailing aircraft 420B which defines for trailing aircraft 420B acceptable
positions of formation flight. This provided data defines for trailing aircraft 420B geometric sink elements 520. FIG. 10A
is a side view of the aircraft 420A and 420B in formation. Also shown are boundaries 510 around each aircraft 420A
and 420B, respectively, which is the limit of extent of the source potential field which can be defined. Boundary 540
represents a limit of the extent of the source tangent field. Boundary 530 represents a limit of the extent of the sink
potentials, and the sink potentials have no geometric based avoidance vector outside of this boundary. Inside this
boundary, the strength of sink 520 is defined by functions k1(x) and k2(x), which are constructed similar to f2(x) and f'2
(x), where the definition of L is now a surface. Thus sink 520 will only attract objects which are within the limit of boundary
530. The boundaries 510 will operate as geometric boundaries 310 described in the First and Second Embodiments,
thereby preventing collision of the aircraft 420A, 420B while sinks 520 guide the aircraft 420A, 420B to predefined
relative positions.
[0067] The mechanism by which the effects of sinks 520 are added to the spatial avoidance guidance equations is
as follows:
Inside the boundary 530, the vector eattract-sink is constructed such that

where esinkpnt is a vector in the direction from the vehicle to a center of a sink; where 0 ≤ k1(x) ≤ ∞ and 0 ≤ k2(x)
≤ ∞, such that k1(x) and k2(x) are not both zero; and where k1(x)=0, when the vehicle 10 is coincident with surface L
(not shown), and k2(x)=0, when the vehicle 10 is coincident with the sink 520. Both k1(x) and k2(x) are linear or non-
linear continuous functions with x being a parameterized constant, function, or family of functions as described above.
As above, functions k1(x) and k2(x) should be constructed such that iEattract sinki ≠ 0.
[0068] The vector eattract-sink is calculated in equation 7b based on Eattract-sink computed in equation 7a:

[0069] As will be appreciated by those skilled in the art, the eattract-sink directional vector is then mixed with the eavoid
command, per eqns. 8a and 8b below, to get eavoid-final, thus preventing collisions.

where 0 ≤ z1(x) ≤ ∞ and 0 ≤ z2(x) ≤ ∞, such that z1(x) and z2(x) are not both zero; and where z1(x)=0, when the
vehicle 10 is coincident with surface L (not shown), and z2(x)=0, when the vehicle 10 is coincident with the sink 520.
Both z1(x) and z2(x) are linear or non-linear continuous functions with x being a parameterized constant, function, or
family of functions as described above. As above, functions z1(x) and z2(x) should be constructed such that iEavoid-finali
≠ 0.
[0070] The eattract-sink directional vector then becomes the edesired vector of the first two examples. Hence, as the
following vehicle approaches the leading vehicle, it will be directed toward the sink locations and away from the leading
vehicle. As the following vehicle begins to slow or recede, depending on the definition of the transition zone, it will

Eattract-sink = k1(x)esinkpnt + k2(x)edesired (7a)

eattract-sink = Eattract-sink/iEattract-sinki (7b)

eavoid-final = Eavoid-final / iEavoid-finali (8a)

Eavoid-final = z1(x)edesired + z2(x)etan (8b)
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begin to ignore the avoidance commands and be directed toward the sink locations. The transition zone definition
becomes important in this discussion.
[0071] For formation maneuvering, such as flying, the transition zone can be dynamically varied and/or its influence
dynamically increased or decreased over time, space, or based on the condition of the vehicles, to more specifically
tailor the effect on the vehicles. Specifically, for instance, in the situation where aircraft are joining a formation, the
transition zone can be brought into existence only when certain condition(s) are satisfied, such as when the rate of
closure between the vehicles is below a specified threshold. Similarly, the transition zone can be removed when one
aircraft begins to recede from another. With such an approach, if an aircraft is approaching another aircraft at too great
a speed, the transition zone, and hence the effect of the attracting sink, does not influence the guidance of the vehicle,
but instead the avoidance algorithm, unaffected by the sink, will command the vehicle to maneuver so as to avoid a
collision. However, once the avoidance algorithm-based control commands have moved the vehicles into a safe sep-
aration distance, the transition zone will be created and the eattract-sink vector-based effect will head the vehicle towards
the desired position for formation flying. Therefore, even if the vehicles are approaching each other with too much
speed, the avoidance algorithm will cause them to avoid each other. When the vehicles start to move apart and have
reached a safe distance, the eattract-sink vector will once again be the desired direction toward which the vehicle will fly.
[0072] Note the implementation described above, and shown in FIGS 10A and 10B, differs from the previously de-
scribed embodiments in that no geometric based avoidance commands are generated by the sink elements. Specifi-
cally, the geometric-based commands developed through the aircraft avoidance, using 420 and 510, are blended with
the non-geometric-based attracting commands to define the final formation flying guidance command.
[0073] FIG. 10A also shows the formation avoidance commands which are generated for aircraft 420B at each of
six relative positions between aircraft 420A and 420B. Specifically, FIG. 10A shows six arrows representing the for-
mation avoidance command that aircraft 420B would receive if aircraft 420B were located at the corresponding forma-
tion position f1, f2, f3, f4, f5 and f6, respectively. As trailing aircraft 420B approaches leading aircraft 420A, the corre-
sponding avoidance commands steer aircraft 420B to the sink 520. If aircraft 420B closely approaches aircraft 420A
so that it comes within the range of the source field 510 surrounding aircraft 420A, then aircraft 420B would receive a
further guidance command so as to avoid a collision.
[0074] Aircraft 420A and 420B can break formation either by overriding the above described guidance method, or
can break formation while still under such guidance method by turning off the sinks 520. In the absence of the attracting
force from the sinks 520, the aircraft 420A and 420B would separate.
[0075] It will be appreciated that the size and location of the boundaries and the sinks must be tailored to achieve
the desired spacing and relative positions of the vehicles in a given formation. Because the present invention is not
limited to a fixed size or shape boundary, the size and shape of the boundaries can be adjusted to achieve the objectives
of a particular situation. For instance, increasing the geometric boundary size results in avoidance commands which
are able to act at a further distance from a vehicle. On the other hand, decreasing the boundary size will allow a second
vehicle (or threat) to move closer to a first vehicle before avoidance guidance commands would be generated.
[0076] Moreover, for formation flying, the size of the boundaries may be dynamically altered based on the relative
velocity between the vehicles. For instance, when the relative velocity between vehicles is nearly zero, the size of the
boundaries may be reduced to a minimum safe size. However, when the relative velocity between the vehicles is large,
the size of the boundaries can be increased to allow collision avoidance protection within the maneuverability limits of
the vehicles.
[0077] FIGS. 10A and 10B also show that a given situation can include multiple sinks 520 and/or sources 510 within
a single boundary 530. The present invention can be applied with an arbitrary number of sink potential elements each
representing individual points, or many sink potentials may collectively define a sink surface or curve.

Example 2: Dual Zone Combined Source and Sink Geometric Boundary

[0078] Another possible method for obstacle avoidance when flying in a formation is shown in FIG. 10C. A multi-
zone method having a source geometric boundary 510 emanates from a point and surrounds vehicle 420A thereby
defining a first zone 510. A sink geometric boundary 520 emanates from the same point on vehicle 420A and surrounds
source geometric boundary 510 thereby creating a second zone or interactive region 525 between the source geometric
boundary 510 and the sink geometric boundary 520. Within the source geometric boundary 510, the avoidance vector
is computed as shown in the First Embodiment. Beyond the sink geometric boundary 520, the avoidance vector is
computed as disclosed above in the Second Embodiment. Within the interactive region 525 between source geometric
boundary 510 and sink geometric boundary 520, the avoidance vector is computed as a combination of the repelling
force of the source geometric boundary and the attracting force of the sink potential of the sink geometric boundary.
A resulting relative avoidance vector may thereby be computed for each point within the interactive region 525.
[0079] The spatial guidance method of Example 2 above operates such that when vehicle 420B is flying outside the
dual geometric boundaries 510, 520, vehicle 420B is attracted to sink boundary 520 and the avoidance vector is directed
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toward vehicle 420A. When vehicle 420B is within the interactive region 525, the relative avoidance vector directs
vehicle 420B to maintain a position within that region 525 based on weighted functions. As vehicle 420B approaches
source geometric boundary 510, the repelling component of the relative avoidance vector is increased or weighted in
favor of the direction away from vehicle 420A, thereby effectively directing vehicle 420B away from vehicle 420A. As
vehicle 420B moves away from source geometric boundary 510, the attracting component of the relative avoidance
vector is increased or weighted in favor of the direction toward vehicle 420A, thereby effectively directing vehicle 420B
toward vehicle 420A.
[0080] The benefit of this approach is that solutions need be computed for only one source and one sink. Further,
this approach allows one vehicle in formation to move independently of another in all directions within the interactive
region surrounding one of the vehicles. Further, depending upon the requirements, the boundaries of the source and
sink may be formed in any size and shape. Equations for calculating the avoidance vector within the interactive region
are similar to equations (1a) through (8B) above. As one of ordinary skill in the art will appreciate, the equations above
would be applied in the same manner, adjusted for the particular geometry of the embodiment.
[0081] In a modification of this approach shown in FIGS. 10D, all vehicles in formation could have dual source and
sink geometric boundaries, thereby providing a region surrounding each vehicle for formation flight and affording more
complete vector avoidance control during formation flight. As shown, a sink overlap region 526 forms between sink
geometric boundaries of vehicles flying within a relatively close proximity to a boundary region of another vehicle. By
this method, it is possible to calculate the appropriate steering vector for a plurality of vehicles and to maintain a desired
separation distance between them during formation flight. As one of ordinary skill in the art will appreciate, the equations
above would be applied in the same manner, adjusted for the particular geometry of the embodiment. Equations for
calculating the interrelated avoidance vectors within the interrelated interactive regions of multiple vehicles are signif-
icantly more complicated than with the simple prior examples. However, these equations are functionally similar.

Exemplary Field Diagrams Generated by Using the Method for Multiple Source and Sink Conditions

[0082] The method of the present invention and the results of the application of the present invention are further
explained by vector field diagrams in FIGS. 11-19. These vector field diagrams are simulation results from the appli-
cation of the method of the present invention as applied to several situations comprising stationary impediments and/
or stationary vehicles in a two dimensional space. The reason for applying the present invention to a two dimensional
space and to stationary impediments and/or stationary vehicles in the following discussion is for simplicity of explanation
only. Those of skill in the present art will appreciate that the present invention can be applied with equal ease for
dimensions above two and for both moving impediments and vehicles, however, static figures representing such dy-
namic situations are more difficult to render. Additionally, while the geometric boundaries shown in FIGS. 11-19 consist
of circles and planes, this is not a limitation of the present invention. In practice, the boundaries can be represented
by any smooth function.
[0083] FIGS. 11-19 were constructed using weighting functions of the following form which also illustrate the intent
of the general function descriptions of eqns. 1a though 6b discussed in the First Embodiment. However, for clarity and
brevity when discussing specific examples of the present method, the following discussion will be limited and specifically
directed to that of the First Embodiment. It will be understood that the method could be similarly applied to and similar
results computed for all embodiments discussed herein.
[0084] Referring now to FIGS. 11-19, the equations used to calculate the vector diagrams include:

where
h1(x) = 0. 0, and
h2(x) = 1.0.

[0085] Further, equations include:

where when

E'tan = h1(x)eN + h2(x)etan (A)

Eavoid = f1(x)edesired + f2(x)e'tan (B)

edesired • er0 < 0,
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and

where rdist is the distance from the current point to the nearest point on the obstacle, and r0 is the distance from
the current point to the obstacle definition point.
[0086] A result of the above f1(x) and f2(x) construction is that Eavoid is now a unit vector having direction and unit
magnitude and hence:

[0087] Further, as computed according to the equations of the First Embodiment:

where the functions g1(x,γ) and g2(x,γ) were implemented as shown in the following. In the equations below, two principle
situations must be considered:

(A) where (edesired • er0)<0 and
(B) where (-ert0 • er0) ≤ 0. In the following equations:

x is defined above as (x=rdist/r0)
γ is a boundary defined by the following conditional statements.

[0088] In the first situation (A) where, (edesired • er0)<0, two sub-cases must be considered:

(1) When:

with

and

f1(x) = x where rdist/r0 ,

f2 (x) = -x* (edesired • etan ) +

sqrt(1-x2 (1-(edesired • etan)2))

eavoid = Eavoid.

E*tan = g1(x,γ) edesired + g2(x,γ)e'tan, (C)

(-ert0 • er0)>0 and (-ert0 • edesired)>0 then

g2(x,γ) = (1+(edesired • er0) (-ert0 • er0)(-ert0 •

edesired)),

g1(x,γ) = -g2(x,γ)*(e'tan • edesired) +

sqrt(1-g2(x,γ)2*(1-(e'tan • edesired)2)),

when e'tan • edesired >0,

g1(x,γ) = sqrt (1-g2(x,y)2),

when e'tan • edesired ≤ 0.
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(2) Otherwise, when

[0089] In the second situation (B) where, (edesired • er0) <0, two cases must be considered:

(1) when: (edesired • er0) < 1

(2) otherwise when:

[0090] In each of the above, er0 is the unit vector from the current point to the obstacle definition point, ert0 is the
unit vector from the destination to the nearest point on the obstacle, and where x is a continuous function. The symbol
"•" represents the vector dot product function.
[0091] The above example illustrates the types of blending functions used in the development of the examples, and
does not represent specific algorithms required to implement the method of the invention.
[0092] As shown in FIGS. 11-19, each point in the field represents a possible location of a vehicle, and the small line
coming from each point indicates the direction of the avoidance guidance command (eavoid) which the vehicle would
receive if located at that point. In each of FIGS. 11-19, the nominal desired guidance command from any one of the
points in the vector field is a straight line from that point to the desired destination.
[0093] Specifically, FIG. 11 represents a situation where only one obstacle 300 is present. As noted above, the
nominal desired guidance command 611 is a vector originating from any one of the points 612 in the vector field is a
straight line in a direction from that point 612 to the desired destination 610. As can be seen in FIG. 11, the direction
of the guidance command 611, as indicated by the direction of the small lines which radiate from the location points
612, is a function of the location of the point within the field relative to both the obstacle 610 and the destination. For
points 612 which are far from the obstacle 300, such as points 612 in the upper right hand corner of the field, the
direction of the guidance command 611 is nearly straight towards the destination 610 and is essentially unaffected by
the obstacle 300.
[0094] In contrast, points 612 which are behind the obstacle 300, relative to the destination 610, indicate a direction
of the guidance command 611 which will steer a vehicle (not shown) smoothly around the obstacle 300. It should be
noted the degree to which the guidance command 611 differs from the nominal desired direction varies as a function
of the distance from the point 612 to the boundary 620. This is because the guidance command 611 is determined by
blending together the nominal desired direction and eint in varying proportion depending on distance from the obstacle
300.
[0095] It should also be noted that the direction of the guidance command 611 for each point smoothly transitions

(-ert0 • er0) ≤ 0 or

when (-ert0 • edesired) ≤ 0

g1(x,γ) = 0.0

g2(x,γ) = 1.0 .

g2(x,γ) = (1-(edesired • er0))*x

g1(x,γ) = -g2(x,γ)*(e'tan • edesired) + sqrt (1-g2(x,γ)2*(1-(e'tan • edesired)2)) .

(edesired • etan) ≥ 1

g1(x,γ) = 1.0

g2(x,γ) = 0.0.
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from the interior of boundary 620 to the exterior of boundary 620. Thus, vehicles can be smoothly controlled even in
the case where obstacle geometric boundaries 620 are crossed.
[0096] FIG. 12 represents a situation where multiple obstacles are present in the vector field. While only one obstacle
is shown with a reference number 300 in FIG. 12, each of the three black dots which are surrounded by a circle are
obstacles 300, the surrounding circle of each obstacle 300 is its corresponding boundary 620. In the case where more
than one obstacle 300 is present, an avoidance direction for each obstacle is calculated for each of the positions or
points 612 in the vector field. Then, a weighting function is used, for each position 612, to prioritize the guidance
commands calculated based on each of the several obstacles 300. By weighting the contribution of each calculated
guidance command and blending them together to produce a single normalized guidance command 611, the influence
of multiple obstacles 300 can be simultaneously addressed.
[0097] In weighting the calculated guidance commands, two operational zones were defined and separate weighting
functions were defined for application in each zone. The first operational zone is inside a boundary and the second
operational zone is outside a boundary.
[0098] In the case where the point is inside the boundary, weighting function (10a) below is used. In the case where
the point is outside of the boundary, weighting function (11a) is used.

where
(%RI) < 1 inside the geometric boundary, and
(%RI) > 1 outside the geometric boundary.

[0099] As can be seen from equation (10a) above, in the case of a point which is inside the boundary, for the avoidance
vector calculated from each of the obstacles, the avoidance vector is divided by the percent of intrusion into the geo-
metric boundary (%RI) along eint and multiplied by M, the number of obstacles in the space. To determine the composite
(or final) avoidance command, all of the scaled avoidance commands are summed and the result normalized to produce
the final avoidance commands as shown by the guidance command vectors in FIG. 12. Thus, determination of the final
avoidance command can be expressed as shown below in equation (10b).

where n is the number 1 through M of the point being considered in the weighting function.
[0100] As can be seen from equation (11a) above, in the case of a point which is outside the boundary, for the
avoidance vector calculated from each of the obstacles, the avoidance vector is weighted by a non-linear function
which is a function of the percent distance outside of the boundary relative to the local geometric boundary radius
(%RO), the local geometric boundary radius R, and WI.
[0101] As with points inside the boundary, to determine the composite (or final) avoidance command, all of the scaled
avoidance commands are summed and the result normalized to produce the final avoidance command. Thus, deter-
mination of the final avoidance command can be expressed as shown below in equation (11b).

[0102] It should be noted that the weighting function used to weight the avoidance commands calculated from each
of the obstacles is not limited to functions (10a) and (11a) as described above and other weighting functions can be used.
[0103] The guidance command vectors shown in FIGS. 13-19 were determined based on the same weighting ap-
proach described above for FIG. 12.
[0104] FIG. 13 represents a situation where multiple obstacles are present in the vector field and where the bound-
aries 620 of the obstacles overlap. While only one obstacle 300 has a reference number in FIG. 12, each of the three
black dots which are surrounded by a circle are obstacles 300, the surrounding circle of each obstacle is its corre-
sponding boundary 620. The guidance command vectors shown in FIG. 13 were determined based on the same weight-

WI = M/ (%RI) (10a)

WO = 1/ (%RI·R
2·MAX(%RO, M/ (%RI))) (11a)

eavoid =
(Σ eavoid(n)·WI(n)),

iΣ evaoid(n)·WI(n)i
----------------------------------------------- (10b)

eavoid =
(Σ eavoid(n)·WO(n))

iΣ eavoid(n)·WO(n)i
------------------------------------------------- (11b)
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ing approach described above for FIG. 12.
[0105] FIG. 14 represents a situation which is essentially similar to that shown in FIG. 13 but where the obstacle is
modeled as a curve or surface composed of an infinite number of source elements. The calculation of %RI is based
on the length from the boundary surface 620 to the source surface 613 along eint rather than from the boundary surface
620 to the center of the impediment location 300.
[0106] FIG. 15 represents a situation which is essentially similar to that shown in FIG. 14 but where the destination
610 is inside a geometric boundary 620. It should be noted here that the guidance command vectors 611, as shown,
will steer a vehicle into a geometric boundary 620 to reach the destination while avoiding the surface of the source
potentials 613.
[0107] FIG. 16 represents a situation which is essentially similar to that shown in FIG. 14 but where one of the
boundaries 620 is an operational boundary 620A such as a maximum ceiling and is thus a non-closed infinite imped-
iment in the avoidance vector solution.
[0108] FIG. 17 represents a situation which is essentially similar to that shown in FIG. 16 and which demonstrates
an additional aspect of the present invention. Specifically, in the prior discussions, the tangent vector to the geometric
boundary was always described as being in the direction of the desired guidance command. In some situations such
as controlled traffic patterns, it is desirable to use the tangent vector to the geometric boundary in a direction which is
independent from the desired guidance command. Such a use of the tangent control is applicable to the management
of shipping lanes or other traffic patterns where there are rules with respect to which size vehicles should be avoided.
Accordingly, in FIG. 17, one of the obstacles 300B has been defined to direct the current point in a direction clockwise
around the obstacle; another of the obstacles 300A has been defined to direct the current point in a direction counter-
clockwise around the obstacle.
[0109] FIG. 18 represents a situation which is essentially similar to that shown in FIG. 17 which demonstrates an
additional aspect of the present invention. Specifically, one of the source elements has been substituted by a sink curve
element 614. As discussed above, such an element has the effect of attracting a vehicle to its location. This type of
arrangement can be applied in logistics planning models where a collection area is defined for accumulation of vehicles
at a location. Once the vehicles have been collected at that location, the sink element 614 could be dissipated to permit
the accumulated group to progress through the remainder of the space to the final destination 610. FIG. 18 also illus-
trates aspects of formation flying as discussed with reference to the Third Embodiment.
[0110] FIG. 19 represents a situation applicable in traffic management. In this arrangement, sink elements 614 are
defined so as to move along a defined corridor 701 in the direction of arrow A. Because vehicles are attracted to the
sinks 614, and because the sinks 614 are controlled to move along the defined corridor 701 in a controlled manner,
the vehicles will automatically join and follow the controlled travel of the sinks 614. As shown in FIG. 19, the corridor
701 has boundaries 700 which tend to confine to the corridor 701 vehicles which have not yet moved into position at
a sink 614. Also as shown, the boundary 720 of each sink 614 can be sized in accordance with the size of the corridor
701.

FOURTH EMBODIMENT

(6 Degree of Freedom (6-DOF) Control where Both Vehicle and Object are within a Geometric Boundary)

[0111] Use of the method of the present invention for control of vehicles in 6DOF is described next as a Fourth
Embodiment.
[0112] As shown in FIGS. 14-19, obstacles 300 are contained within, or positioned behind, geometric boundaries
620. However, according to the Fourth Embodiment of the present invention shown in FIGS. 20 and 21, both the vehicle
to be controlled and the obstacles are contained within geometric boundary surfaces which can be used to determine
the control required for vehicles and objects operating in 6-DOF.
[0113] As will be described next, in the case where both the vehicle 810 to be controlled and the obstacles 800 to
be avoided are contained within geometric boundary surfaces 811a, 811b, an interaction between the surfaces within
a field of influence 813 will produce a moment about the guided vehicle. This moment can be used to extend the
guidance approach and method.
[0114] More specifically, the approaches and methods described thus far for controlling missile systems can provide
directional guidance in only 3 Degrees-of-Freedom (3-DOF) (i.e., translations along the directions x, y, and z axes).
However, in the situation where a source potential curve or surface 811b is used to represent the guided vehicle 810
and a source potential curve or surface 811a is also used to represent an obstacle 800, an extension of the guidance
commands 611 to 6-DOF (i.e., both translations along and rotations about each of the directions x, y, and z) can be
achieved. Specifically, the 6-DOF method, however, requires additional state information than the previous 3-DOF
embodiments. The previous embodiments do not require attitude information, whereas 6-DOF control requires knowl-
edge of the vehicle 810 attitude along with other state information. Further, additional implementations of the 6-DOF
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guidance system can be generated if threat, obstacle, or target attitude information is also provided.
[0115] Specifically, the effect can be constructed by using the vector eint and the distances to some or all of the points
defined by vectors which are parallel to eint that intersect both the obstacle source potential curve or surface 811a and
the vehicle source curve or surface 811b. At each of the intersection points on the guided vehicle source curve 811b,
a weighting function is applied to average normal and average tangent vectors of the obstacle source potential curve
811a. The weighting function is based on the corresponding distance to the obstacle source potential curve 811a within
the field of influence 813. Through this approach, a distributed repulsive force can be constructed along the guided
vehicle source potential curve 811b. The distributed force that can be applied about a point 812 within the guided
vehicle source potential curve 811b will produce a moment 817 about that point 812 through which the commands of
the vehicle may be tied. In a three-dimensional case, the moments would provide the vehicle with rotational guidance
commands. These rotational guidance commands can be coupled with typical translational guidance commands to
provide complete 6-DOF guidance commands.
[0116] Such 6-DOF control systems can benefit systems such as a missile in an end game condition where a war-
head, which has an effective direction, is used for intercept of the target.
[0117] Other potential applications include ship docking and spacecraft rendezvous and docking, which require man-
agement of thrusters to accomplish precise docking maneuvers.
[0118] FIG. 20 also illustrates the vector field as shown in FIG. 14, however, at each point the vehicle 810 now
possesses an effective attitude boundary surface (shown at one location only for demonstration). The vehicle effective
attitude boundary surface also has a center of rotation associated with it, which is tied to the vehicle orientation, such
that:

where Z(x) is a real valued constant or a continuous linear or non-linear function, and eeffsurface is the effective
attitude boundary surface of the vehicle at a single point on the vehicle and is a function of the vehicle rotation. The
center of rotation is not limited to the center of gravity or to the principle axes of the vehicle.
[0119] Inclusion of vehicle attitude will increase the guidance degrees of freedom from the traditional 3-DOF to 6-DOF,
with 3 translational and 3 rotational degrees of freedom. Achieving the rotational degrees of freedom requires that the
vehicle 810 be affected by the avoidance algorithm. This can be achieved through construction of an apparent field
between the obstacle(s) and the vehicle such that effective moments are placed on the guidance algorithm which in
turn will produce a desired vehicle attitude command (function Z(x), described in a previous paragraph).
[0120] The desired attitude command may be produced by integrating a distance based function over the effective
vehicle surface. Construction of the field or distance based function may be described as follows (see FIG. 21):

where T is the resulting attitude correction vector; K(x) is a gain scaling function to regulate the magnitude of the
command; r is a local point on the vehicle 10 effective surface Sν (surface denoted by ν); robs is a local point on the
obstacle surface; rp is the center of rotation about which the vehicle orientation will be controlled; eNν is the unit vector
normal to the effective surface Sν at the point r; eobs is the unit vector normal to the obstacle surface Sobs at the point
robs; L are the limits of integration which define the part of the effective surface which point in the direction of the
obstacle surface Sobs (denoted by obs); and L' (r) are the limits of integration which define the part of the obstacle
surface which is visible from the current point r.
[0121] The resulting vector T will yield attitude commands about the point rp. The magnitude of the commands may
be modified by the gain function K(x) to yield commands which will provide a stable attitude guidance solution. The
gain function K(x) may also be a spatially based function, a time based function, or a function of spatial rates (velocity,
acceleration, etc), whereby function K(x) changes magnitude based on a given state. Variation of guidance gain mag-
nitude is typical for guidance implementations of this type.
[0122] There are various ways to implement the function described above. The Fourth Embodiment described here
addresses the use of the boundary representations to control more degrees-of-freedom than in typical prior art methods.
[0123] In addition to providing a means for 6-DOF guidance solutions, the Fourth Embodiment can be expanded
beyond the six degrees-of-freedom guidance to include N degrees of guidance by surrounding points or surfaces of

evehicle = Z(x)eeffsurface
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interest with boundaries, and by then applying the avoidance methods described in the First and Second Embodiments
along with the method of the Fourth Embodiment.
[0124] While the various embodiments of the present invention have thus far been described as a vehicle control or
guidance system, it will be appreciated by those of skill in the art that the method of the present invention can be
implemented in hardware and/or software as part or all of a vehicle guidance control system.

Guidance Control Systems Implementing the Spatial Avoidance Method

[0125] Examples of vehicle guidance control systems implementing the above described spatial avoidance method
are illustrated in FIGS. 22-24.

Autonomous Vehicle Guidance Processor

[0126] FIG. 22 is an example of a configuration for a guidance processing unit 910, for an autonomous vehicle
guidance processor. The processing unit 910 of FIG. 22 includes a navigation function 912 and a guidance function
914, and may also include an autopilot function 916 as well as at least one processor 918 for operation of the unit. The
guidance processing unit 910 interfaces with various other components, including random access memory 934 and
read only memory 932, which can store navigational information as well as vehicle control algorithms. In order to control
the vehicle, the guidance processing unit 910 can receive input from various sources including an inertial measurement
system 922 as well as a navigation receiver 920 which may be a global positioning receiver (GPS) or other type of
receiver for providing navigation information. The guidance processing unit 910 can also be connected to an uplink
data receiver 924 for receiving control commands and data communications from the ground or other vehicles and
may further be connected to an onboard seeker such as a radar device, forward-looking infrared receiver (FLIR) or
other type of target-locating sensor. Finally, the guidance processing unit 910 outputs commands to a vehicle attitude
control system 928 and/or aerodynamic maneuvering system 930 in order to control the vehicle based on the current
vehicle position and condition, the presence and location of any obstacles, and the navigation objectives to be achieved.

Piloted Vehicle Automatic Guidance Control Processor

[0127] FIG. 23 is an example of a configuration of a vehicle guidance control system implementing the above de-
scribed spatial avoidance method when the vehicle is piloted but under automatic guidance control. FIG. 23 illustrates
the method of the invention used in systems which are known as fly-by-wire type systems. In a fly-by-wire type system,
the avoidance commands are automatically directed to the autopilot function 916 without required intervention by the
pilot/user 917. The pilot/user 917 acts as an input to the guidance system and does not directly fly the aircraft. All
instructions from the pilot are fed through an autopilot function to produce the correct steering commands to the vehicle.
In some instances, the pilot/user may be the primary guidance processor with the spatial avoidance method intervening
only when necessary. Most modern aircraft operate with a fly-by-wire control system. The method may also be imple-
mented such that it includes a feedback mechanism 919, which will show the pilot/user the change being made by the
automatic system relative to the pilot/user input.

Pilot Controlled Guidance Control Processor

[0128] FIG. 24 is an example of a configuration of a vehicle guidance control system implementing the above de-
scribed spatial avoidance method when the vehicle is piloted and the pilot 917 is responsible for inputting the guidance
control commands calculated by the method such as in a flight director system. In the example of FIG. 24, the pilot/
user is in primary control of the system and the guidance processor implementing the method of the invention only
provides feedback to the pilot/user as to how to avoid the obstacles. The feedback mechanism 919 may be through
an analog or digital indicator which also may be on an instrument panel or implemented in a heads-up display. The
pilot/user ultimately makes the determination whether or not to implement the guidance control commands.
[0129] It will be appreciated by those of skill in the art, that the control laws for the above described system in ac-
cordance with the present invention can be implemented in computer software and stored in a memory device. Thus,
a computer program encoding instructions in accordance with the described method, as well as a computer readable
memory device which stores instructions executable by a computer to perform the steps of the described method are
also considered to be embodiments of the present invention.
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Claims

1. A method of maneuvering a vehicle (10) towards a destination in the presence of at least one obstacle (300),
comprising the steps of:

establishing a nominal guidance direction for said vehicle (10), the nominal guidance direction being a direction
substantially towards said destination,
establishing a nominal obstacle avoidance direction, and
determining a vehicle steering direction,

characterized by the step of:

defining a geometric boundary (310) with respect to the obstacle (300),

wherein the nominal obstacle avoidance direction is established based on said geometric boundary (310) and
a relative position of said vehicle (10) with respect to said geometric boundary (310), and

wherein the vehicle steering direction is determined based on said nominal obstacle avoidance direction and

a) said nominal guidance direction in the case that said vehicle (10) is on a side of said geometric boundary
(310) facing away from said obstacle (300) or
b) an anti-intercept direction between said vehicle (10) and said obstacle (300) in the case that said vehicle
(10) is on an obstacle-side of said geometric boundary (310),

wherein a solution for the vehicle steering direction is continuous across the geometric boundary (310).

2. A method in accordance with claim 1, wherein said nominal obstacle avoidance direction is a geometric based
avoidance vector determined based on said geometric boundary (310).

3. A method in accordance with claim 1, wherein the geometric boundary (310) is defined surrounding said obstacle
(300) and wherein the method further comprises the step of determining whether said vehicle (10) is outside of
said geometric boundary (310) or inside of said geometric boundary (310).

4. A method in accordance with claim 3, wherein, in the case that said vehicle (10) is outside of said geometric
boundary (310), the vehicle steering direction is determined based on said nominal obstacle avoidance direction
and said nominal guidance direction.

5. A method in accordance with claim 3, wherein, in the case that said vehicle (10) is inside of said geometric boundary
(310), the vehicle steering direction is determined based on said nominal obstacle avoidance direction and said
anti-intercept direction.

6. A method in accordance with claim 2, further comprising the step of determining a distance between said vehicle
(10) and said obstacle (300).

7. A method in accordance with claim 6, wherein said step of determining a vehicle steering direction is further based
on said distance.

8. A method in accordance with claim 7, wherein said vehicle steering direction is further based on a distance-based
field element.

9. A method in accordance with claim 7, further comprising the step of determining a range of influence (309) of said
obstacle (300) and wherein, in the case where said vehicle (10) is beyond the range of influence (309) of said
obstacle (300), said vehicle steering direction is determined without regard to the presence of said obstacle (300).

10. A method in accordance with claim 7, further comprising the step of determining a range of influence (309) of said
obstacle (300) and wherein, in the case where said vehicle (10) is within the range of influence (309) of said
obstacle (300), said vehicle steering direction is determined based on the presence of said obstacle (300).

11. A method in accordance with claim 1, wherein said vehicle steering direction is determined by blending together



EP 1 244 946 B1

5

10

15

20

25

30

35

40

45

50

55

22

said nominal obstacle avoidance direction and said nominal guidance direction or said anti-intercept direction
based on a blending ratio.

12. A method in accordance with claim 11, wherein said blending ratio is a function.

13. A method in accordance with claim 12, wherein said blending ratio is a function of a distance separating said
vehicle (10) and said obstacle (300).

14. A method in accordance with claim 11, wherein said vehicle steering direction is determined in accordance with a
function of the form:

where:

DGUIDANCE is a vector with a direction in either said nominal guidance direction or said anti-intercept direction;
DAVOIDANCE is a vector with a direction in said nominal obstacle avoidance direction;
DSTEERING is said vehicle steering direction;
F1 is a first continuous function; and
F2 is a second continuous function.

15. A method in accordance with claim 14, wherein F2 is approximately equal to 1-F1.

16. A method in accordance with claim 14, further comprising the step of steering said vehicle (10) towards said vehicle
steering direction; and

wherein said nominal obstacle avoidance direction is based on a relative position of said vehicle (10) to said
obstacle (300), and wherein said steps of establishing a nominal guidance direction towards said destination,
establishing a nominal obstacle avoidance direction, determining a vehicle steering direction, and steering said
vehicle (10) towards said vehicle steering direction are repeated a plurality of times as said vehicle (10) travels.

17. A method in accordance with claim 1, wherein:

said vehicle (10) travels towards said destination in the presence of a plurality of obstacles (300);
said step of defining a geometric boundary (310) with respect to said obstacle (300) includes defining a geo-
metric boundary (310) with respect to each of said plurality of obstacles (300);
said step of establishing a nominal obstacle avoidance direction includes establishing a nominal obstacle
avoidance direction for each of said obstacles (300); and
said step of determining a vehicle steering direction includes determining the vehicle steering direction based
on each of said nominal obstacle avoidance directions.

18. A method in accordance with claim 1, further comprising the step of determining whether said vehicle (10) is
approaching said obstacle (300) or whether said vehicle (10) is receding from said obstacle (300).

19. A method in accordance with claim 18, wherein said step of determining a vehicle steering direction includes
determining a vehicle steering direction based on a result of said step of determining whether said vehicle (10) is
approaching said obstacle (300) or whether said vehicle (10) is receding from said obstacle (300).

20. A method in accordance with claim 1, further comprising the step of outputting a steering control signal effective
to steer said vehicle (10) in accordance with said vehicle steering direction.

21. A method in accordance with claim 1, further comprising the step of displaying a steering command in accordance
with said vehicle steering direction.

22. A method according to any of the preceding claims, wherein the geometric boundary (310) is smooth.

23. A method for maneuvering a first vehicle (420B) in relation to a second vehicle (420A), comprising the steps of:

DSTEERING = F1 * DGUIDANCE + F2 * DAVOIDANCE;
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establishing a first repulsive boundary (510) around said second vehicle (420A);
establishing a first attractive boundary (520) around said first repulsive boundary (510), said first repulsive
boundary (510) and said first attractive boundary (520) defining an interactive region (525) therebetween;
computing a steering direction for said first vehicle (420B) such that
when said first vehicle (420B) is outside said first attractive boundary (520), said first vehicle (420B) is directed
toward said second vehicle (420A),
when said first vehicle (420B) is within said first repulsive boundary (510), said first vehicle (420B) is directed
away from said second vehicle (420A), and
when said first vehicle (420B) is within said interactive region (525), said first vehicle (420B) is directed either
toward or away from said second vehicle (420A) based on a weighted function.

24. An apparatus for maneuvering a vehicle (10) towards a destination in the presence of at least one obstacle (300)
comprising:

a device for determining a nominal guidance direction for said vehicle (10), said nominal guidance direction
being a direction substantially towards said destination,
a device for determining a nominal obstacle avoidance direction, and
a device for determining a vehicle steering direction,

characterized by:

a device for defining a geometric boundary (310) with respect to the obstacle (300),
wherein the device for determining the nominal obstacle avoidance direction determines the nominal obstacle
avoidance direction based on said geometric boundary (310) and a relative position of said vehicle (10) with
respect to said geometric boundary (310), and
wherein the device for determining the vehicle steering direction determines the vehicle steering direction
based on said nominal obstacle avoidance direction and

a) said nominal guidance direction in the case that said vehicle (10) is on a side of said geometric boundary
(310) facing away from said obstacle (300) or
b) an anti-intercept direction between said vehicle (10) and said obstacle (300) in the case that said vehicle
(10) is on an obstacle-side of said geometric boundary (310),

wherein a solution for the vehicle steering direction is continuous across the geometric boundary (310).

25. An apparatus in accordance with claim 24, wherein said nominal obstacle avoidance direction is a geometric based
avoidance vector determined based on said geometric boundary (310).

26. An apparatus in accordance with claim 24, wherein the device for defining a geometric boundary (310) defines the
geometric boundary (310) surrounding said obstacle (300) and wherein the apparatus further comprises:

a device for determining whether said vehicle (10) is outside of said geometric boundary (310) or inside of
said geometric boundary (310).

27. An apparatus in accordance with claim 26, wherein, in the case that said vehicle (10) is outside of said geometric
boundary (310), the device for determining the vehicle steering direction determines the vehicle steering direction
based on said nominal obstacle avoidance direction and said nominal guidance direction.

28. An apparatus in accordance with claim 26, wherein, in the case that said vehicle (10) is inside of said geometric
boundary (310), the device for determining the vehicle steering direction determines the vehicle steering direction
based on said nominal obstacle avoidance direction and said anti-intercept direction.

29. An apparatus in accordance with claim 24, further comprising:

a device for determining a distance between said vehicle (10) and said at least one obstacle (300).

30. An apparatus in accordance with claim 29, wherein said device for determining a vehicle steering direction further
determines said vehicle steering direction based on said distance.
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31. An apparatus in accordance with claim 24, wherein said device for determining a vehicle steering direction further
determines said vehicle steering direction based on a distance-based field element.

32. An apparatus in accordance with claim 30, further comprising:

a device for determining a range of influence (309) of said obstacle (300) and wherein, in the case where said
vehicle (10) is beyond the range of influence (309) of said obstacle (300), said device for determining a vehicle
steering direction further determines said vehicle steering direction without regard to the presence of said
obstacle (300).

33. An apparatus in accordance with claim 30, further comprising:

a device for determining a range of influence (309) of said obstacle (300) and wherein, in the case where said
vehicle (10) is within the range of influence (309) of said obstacle (300), said device for determining a vehicle
steering direction further determines said vehicle steering direction based on the presence of said obstacle
(300).

34. An apparatus in accordance with claim 24, wherein said device for determining a vehicle steering direction deter-
mines said steering direction by blending together said nominal obstacle avoidance direction and said nominal
guidance direction or said anti-intercept direction based on a blending ratio.

35. An apparatus in accordance with claim 34, wherein said blending ratio is a function.

36. An apparatus in accordance with claim 35, wherein said blending ratio is a function of a distance separating said
vehicle (10) and said obstacle (300).

37. An apparatus in accordance with claim 34, wherein said device for determining a vehicle steering direction deter-
mines said vehicle steering direction in accordance with a function of the form:

where:

DGUIDANCE is a vector with a direction in either said nominal guidance direction or said anti-intercept direction;
DAVOIDANCE is a vector with a direction in said nominal obstacle avoidance direction;
DSTEERING is said vehicle steering direction;
F1 is a first continuous function; and
F2 is a second continuous function.

38. An apparatus in accordance with claim 37, wherein F2 is approximately equal to 1-F1.

39. An apparatus in accordance with claim 37, further comprising:

a device for steering said vehicle (10) towards said vehicle steering direction; and

wherein said device for determining a nominal guidance direction for said vehicle (10) determines said nom-
inal obstacle avoidance direction based on a relative position of said vehicle (10) to said obstacle (300), and
wherein said device for determining a nominal guidance direction for said vehicle (10), said device for determining
a nominal obstacle avoidance direction, and said device for determining a vehicle steering direction each contin-
ually update its corresponding direction as said vehicle (10) travels.

40. An apparatus in accordance with claim 24, wherein:

said vehicle (10) travels towards said destination in the presence of a plurality of obstacles (300);
wherein said device for determining a nominal obstacle avoidance direction determines a nominal obstacle
avoidance direction for each of said obstacles (300); and

DSTEERING = F1 * DGUIDANCE + F2 * DAVOIDANCE;
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wherein said device for determining a vehicle steering direction determines the vehicle steering direction
based on each of said nominal obstacle avoidance directions.

41. An apparatus in accordance with claim 24, further comprising:

a device for determining whether said vehicle (10) is approaching said obstacle (300) or whether said vehicle
(10) is receding from said obstacle (300).

42. An apparatus in accordance with claim 41, wherein said device for determining a vehicle steering direction deter-
mines a vehicle steering direction based on an output from said device for determining whether said vehicle (10)
is approaching said obstacle (300) or whether said vehicle (10) is receding from said obstacle (300).

43. An apparatus in accordance with claim 24, further comprising:

a device for outputting a steering control signal to steer said vehicle (10) in accordance with said vehicle
steering direction.

44. An apparatus in accordance with claim 24, further comprising:

a device for displaying a steering command in accordance with said vehicle steering direction.

45. An apparatus in accordance with any of claims 24 to 44, wherein the geometric boundary (310) is smooth.

46. A computer program comprising program code means for performing all the steps of any of claims 1 to 23 when
said program is executed on a computer.

Patentansprüche

1. Verfahren zum Manövrieren eines Fahrzeuges (10) zu einem Ziel in Gegenwart von zumindest einer Störung (300),
wobei das Verfahren die folgenden Verfahrensschritte aufweist:

Einrichten einer nominellen Lenkungsrichtung für das Fahrzeug (10), wobei die nominelle Lenkungsrichtung
im wesentlichen eine Richtung zu dem Ziel ist,
Einrichten einer nominellen Störungs-Vermeidungsrichtung, und
Bestimmen einer Fahrzeug-Steuerungsrichtung,

gekennzeichnet durch den folgenden Verfahrensschritt:

Definieren einer geometrischen Abgrenzung (310) hinsichtlich der Störung (300),
wobei die nominelle Störungs-Vermeidungsrichtung basierend auf der geometrischen Abgrenzung (310) und
einer relativen Position des Fahrzeuges (10) hinsichtlich der geometrischen Abgrenzung (310) eingerichtet
wird, und
wobei die Fahrzeug-Steuerungsrichtung

a) in dem Fall, wenn sich das Fahrzeug (10) an einer von der Störung (300) abgewandten Seite der
geometrischen Abgrenzung (310) befindet, basierend auf der nominellen Störungs-Vermeidungsrichtung
und der nominellen Lenkungsrichtung bestimmt wird, oder
b) in dem Fall, wenn sich das Fahrzeug (10) an einer Seite der Störung von der geometrischen Abgrenzung
(310) befindet, basierend auf der nominellen Störungs-Vermeidungsrichtung und auf einer Anti-Intercept-
Richtung zwischen dem Fahrzeug (10) und der Störung (300) bestimmt wird,

wobei eine Lösung für die Fahrzeug-Steuerungsrichtung über die geometrische Abgrenzung (310) stetig ist.

2. Verfahren nach Anspruch 1, bei dem die nominelle Störungs-Vermeidungsrichtung ein basierend auf der geome-
trischen Abgrenzung (310) bestimmter, geometriebasierender Vermeidungsvektor ist.

3. Verfahren nach Anspruch 1, bei dem die geometrische Abgrenzung (310) um die Störung (300) herum definiert
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ist, und bei dem das Verfahren ferner den Verfahrensschritt des Bestimmens, ob sich das Fahrzeug (10) außerhalb
der geometrischen Abgrenzung (310) oder innerhalb der geometrischen Abgrenzung (310) befindet, aufweist.

4. Verfahren nach Anspruch 3, bei dem die Fahrzeug-Steuerungsrichtung in dem Fall basierend auf der nominellen
Störungs-Vermeidungsrichtung und der nominellen Lenkungsrichtung bestimmt wird, wenn sich das Fahrzeug (10)
außerhalb der geometrischen Abgrenzung (310) befindet.

5. Verfahren nach Anspruch 3, bei dem die Fahrzeug-Steuerungsrichtung in dem Fall basierend auf der nominellen
Störungs-Vermeidungsrichtung und der Anti-Intercept-Richtung bestimmt wird, wenn sich das Fahrzeug (10) in-
nerhalb der geometrischen Abgrenzung (310) befindet.

6. Verfahren nach Anspruch 2, das ferner den Verfahrensschritt des Bestimmens einer Entfernung zwischen dem
Fahrzeug (10) und der Störung (300) aufweist.

7. Verfahren nach Anspruch 6, bei dem der Verfahrensschritt des Bestimmens einer Fahrzeug-Steuerungsrichtung
ferner auf der Entfernung basiert.

8. Verfahren nach Anspruch 7, bei dem die Fahrzeug-Steuerungsrichtung ferner auf einem entfernungsbasierenden
Feldelement basiert.

9. Verfahren nach Anspruch 7, das ferner den Verfahrensschritt des Bestimmens eines Einflussbereiches (309) der
Störung (300) aufweist, und bei dem in dem Fall, wenn sich das Fahrzeug (10) außerhalb des Einflussbereiches
(309) der Störung (300) befindet, die Fahrzeug-Steuerungsrichtung unbeachtet der Gegenwart der Störung (300)
bestimmt wird.

10. Verfahren nach Anspruch 7, das ferner den Verfahrensschritt des Bestimmens eines Einflussbereiches (309) der
Störung (300) aufweist, und bei dem die Fahrzeug-Steuerungsrichtung in dem Fall, wenn sich das Fahrzeug (10)
innerhalb des Einflussbereiches (309) der Störung (300) befindet, basierend auf der Gegenwart der Störung (300)
bestimmt wird.

11. Verfahren nach Anspruch 1, bei dem die Fahrzeug-Steuerungsrichtung bestimmt wird, indem die nominelle Stö-
rungs-Vermeidungsrichtung und die nominelle Lenkungsrichtung oder die Anti-Intercept-Richtung basierend auf
einem Mischungsverhältnis passend zusammengemischt werden.

12. Verfahren nach Anspruch 11, bei dem das Mischungsverhältnis eine Funktion ist.

13. Verfahren nach Anspruch 12, bei dem das Mischungsverhältnis eine Funktion hinsichtlich einer Entfernung ist, die
das Fahrzeug (10) und die Störung (300) separiert.

14. Verfahren nach Anspruch 11, bei dem die Fahrzeug-Steuerungsrichtung in Übereinstimmung mit einer Funktion
der folgenden Gestalt bestimmt wird:

wobei:

DLENKUNG ein Vektor mit entweder einer Richtung in die nominelle Lenkungsrichtung oder einer Richtung in
die Anti-Intercept-Richtung ist;
DVERMEIDUNG ein Vektor mit einer Richtung in die nominelle Störungs-Vermeidungsrichtung ist;
DSTEUERUNG die Fahrzeug-Steuerungsrichtung ist;
F1 eine erste stetige Funktion ist; und
F2 eine zweite stetige Funktion ist.

15. Verfahren nach Anspruch 14, bei dem F2 nahezu gleich 1-F1 ist.

16. Verfahren nach Anspruch 14, das ferner den Verfahrensschritt des Steuerns des Fahrzeuges (10) in Richtung der
Fahrzeug-Steuerungsrichtung aufweist; und

DSTEUERUNG = F1 * DLENKUNG + F2 * DVERMEIDUNG;
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bei dem die nominelle Störungs-Vermeidungsrichtung auf einer relativen Position des Fahrzeuges (10) zu
der Störung (300) basiert, und bei dem der Verfahrensschritt des Einrichtens einer nominellen Lenkungsrichtung
in Richtung des Ziels, der Verfahrensschritt des Einrichtens einer nominellen Störungs-Vermeidungsrichtung, der
Verfahrensschritt des Bestimmens einer Fahrzeug-Steuerungsrichtung und der Verfahrensschritt des Steuerns
des Fahrzeuges (10) in Richtung der Fahrzeug-Steuerungsrichtung mehrfach wiederholt werden, wenn sich das
Fahrzeug (10) fortbewegt.

17. Verfahren nach Anspruch 1, bei dem:

sich das Fahrzeug (10) in Gegenwart einer Vielzahl von Störungen (300) zu dem Ziel bewegt;
der Verfahrensschritt des Definierens einer geometrischen Abgrenzung (310) hinsichtlich der Störung (300)
das Definieren einer geometrischen Abgrenzung (310) hinsichtlich jeder der Vielzahl der Störungen (300)
enthält;
der Verfahrensschritt des Einrichtens einer nominellen Störungs-Vermeidungsrichtung das Einrichten einer
nominellen Störungs-Vermeidungsrichtung hinsichtlich jeder der Störungen (300) enthält; und
der Verfahrensschritt des Bestimmens einer Fahrzeug-Steuerungsrichtung das Bestimmen der Fahrzeug-
Steuerungsrichtung basierend auf jede der nominellen Störungs-Vermeidungsrichtungen enthält.

18. Verfahren nach Anspruch 1, das ferner den Verfahrensschritt des Bestimmens, ob sich das Fahrzeug (10) der
Störung (300) annähert oder ob sich das Fahrzeug (10) von der Störung (300) wegbewegt, aufweist.

19. Verfahren nach Anspruch 18, bei dem der Verfahrensschritt des Bestimmens einer Fahrzeug-Steuerungsrichtung
das Bestimmen einer Fahrzeug-Steuerungsrichtung basierend auf einem Ergebnis des Verfahrensschritts des
Bestimmens, ob sich das Fahrzeug (10) der Störung (300) annähert oder ob sich das Fahrzeug (10) von der
Störung (300) wegbewegt, enthält.

20. Verfahren nach Anspruch 1, das ferner den Verfahrensschritt des Ausgebens eines Steuerungs-Steuersignals
aufweist, das wirksam ist, um das Fahrzeug (10) in Übereinstimmung mit der Fahrzeug-Steuerungsrichtung zu
steuern.

21. Verfahren nach Anspruch 1, das ferner den Verfahrensschritt des Anzeigens eines Steuerungsbefehls in Überein-
stimmung mit der Fahrzeug-Steuerungsrichtung aufweist.

22. Verfahren nach einem der vorhergehenden Ansprüche, bei dem die geometrische Abgrenzung (310) weich ist.

23. Verfahren zum Manövrieren eines ersten Fahrzeuges (420B) im Verhältnis zu einem zweiten Fahrzeug (420A),
wobei das Verfahren die folgenden Verfahrensschritte aufweist:

Einrichten einer ersten abstoßenden bzw. zurücktreibenden Abgrenzung (510) um das zweite Fahrzeug
(420A) herum;
Einrichten einer ersten anziehenden Abgrenzung (520) um die erste abstoßende Abgrenzung (510) herum,
wobei die erste abstoßende Abgrenzung (510) und die erste anziehende Abgrenzung (520) einen interaktiven
Bereich (525) zwischen ihnen definieren;
Berechnen einer Steuerungsrichtung für das erste Fahrzeug (420B), und zwar derart, dass
das erste Fahrzeug (420B) zu dem zweiten Fahrzeug (420A) hingerichtet wird, wenn sich das erste Fahrzeug
(420B) außerhalb der ersten anziehenden Abgrenzung (520) befindet,
das erste Fahrzeug (420B) von dem zweiten Fahrzeug (420A) weggerichtet wird, wenn sich das erste Fahr-
zeug (420B) innerhalb der ersten abstoßenden Abgrenzung (510) befindet, und
das erste Fahrzeug (420B) basierend auf einer gewichteten Funktion entweder zu dem zweiten Fahrzeug
(420A) hingerichtet oder von dem zweiten Fahrzeug (420A) weggerichtet wird, wenn sich das erste Fahrzeug
(420B) innerhalb des interaktiven Bereiches (525) befindet.

24. Gerät zum Manövrieren eines Fahrzeuges (10) zu einem Ziel in Gegenwart von zumindest einer Störung (300),
wobei das Gerät folgendes aufweist:

eine Vorrichtung zum Bestimmen einer nominellen Lenkungsrichtung für das Fahrzeug (10), wobei die nomi-
nelle Lenkungsrichtung eine im wesentlichen zu dem Ziel gerichtete Richtung ist,
eine Vorrichtung zum Bestimmen einer nominellen Störungs-Vermeidungsrichtung, und
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eine Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung,

gekennzeichnet durch:

eine Vorrichtung zum Definieren einer geometrischen Abgrenzung (310) hinsichtlich der Störung (300),
wobei die Vorrichtung zum Bestimmen der nominellen Störungs-Vermeidungsrichtung basierend auf der geo-
metrischen Abgrenzung (310) und einer relativen Position des Fahrzeuges (10) hinsichtlich der geometrischen
Abgrenzung (310) die nominelle Störungs-Vermeidungsrichtung bestimmt, und
wobei die Vorrichtung zum Bestimmen der Fahrzeug-Steuerungsrichtung basierend auf der nominellen Stö-
rungs-Vermeidungsrichtung und

a) basierend auf der nominellen Lenkungsrichtung die Fahrzeug-Steuerungsrichtung bestimmt, und zwar
in dem Fall, wenn sich das Fahrzeug (10) an einer von der Störung (300) abgewandten Seite der geome-
trischen Abgrenzung (310) befindet, oder
b) basierend auf einer Anti-Intercept-Richtung zwischen dem Fahrzeug (10) und der Störung (300) die
Fahrzeug-Steuerungsrichtung bestimmt, und zwar in dem Fall, wenn sich das Fahrzeug (10) an einer
Störungsseite der geometrischen Abgrenzung (310) befindet,

wobei eine Lösung für die Fahrzeug-Steuerungsrichtung über die geometrische Abgrenzung (310) stetig ist.

25. Gerät nach Anspruch 24, bei dem die nominelle Störungs-Vermeidungsrichtung ein basierend auf der geometri-
schen Abgrenzung (310) bestimmter, geometriebasierender Vermeidungsvektor ist.

26. Gerät nach Anspruch 24, bei dem die Vorrichtung zum Definieren einer geometrischen Abgrenzung (310) die
geometrische Abgrenzung (310) definiert, welche die Störung (300) umgibt, und bei dem das Gerät ferner folgen-
des aufweist:

eine Vorrichtung zum Bestimmen, ob sich das Fahrzeug (10) außerhalb der geometrischen Abgrenzung (310)
oder innerhalb der geometrischen Abgrenzung (310) befindet.

27. Gerät nach Anspruch 26, bei dem die Vorrichtung zum Bestimmen der Fahrzeug-Steuerungsrichtung in dem Fall,
wenn sich das Fahrzeug (10) außerhalb der geometrischen Abgrenzung (310) befindet, die Fahrzeug-Steuerungs-
richtung basierend auf der nominellen Störungs-Vermeidungsrichtung und der nominellen Lenkungsrichtung be-
stimmt.

28. Gerät nach Anspruch 26, bei dem die Vorrichtung zum Bestimmen der Fahrzeug-Steuerungsrichtung in dem Fall,
wenn sich das Fahrzeug (10) innerhalb der geometrischen Abgrenzung (310) befindet, die Fahrzeug-Steuerungs-
richtung basierend auf der nominellen Störungs-Vermeidungsrichtung und der Anti-Intercept-Richtung bestimmt.

29. Gerät nach Anspruch 24, das ferner folgendes aufweist:

eine Vorrichtung zum Bestimmen einer Entfernung zwischen dem Fahrzeug (10) und der zumindest einen
Störung (300).

30. Gerät nach Anspruch 29, bei dem die Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung ferner die
Fahrzeug-Steuerungsrichtung basierend auf der Entfernung bestimmt.

31. Gerät nach Anspruch 24, bei dem die Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung ferner
basierend auf einem entfernungsbasierenden Feldelement die Fahrzeug-Steuerungsrichtung bestimmt.

32. Gerät nach Anspruch 30, das ferner folgendes aufweist:

eine Vorrichtung zum Bestimmen eines Einflussbereiches (309) der Störung (300), und bei dem die Vorrichtung
zum Bestimmen einer Fahrzeug-Steuerungsrichtung ferner in dem Fall, wenn sich das Fahrzeug (10) außer-
halb des Einflussbereiches (309) der Störung befindet, die Fahrzeug-Steuerungsrichtung unbeachtet der Ge-
genwart der Störung (300) bestimmt.

33. Gerät nach Anspruch 30, das ferner folgendes aufweist:
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eine Vorrichtung zum Bestimmen eines Einflussbereiches (309) der Störung (300), und bei dem die Vorrichtung
zum Bestimmen einer Fahrzeug-Steuerungsrichtung ferner in dem Fall, wenn sich das Fahrzeug (10) innerhalb
des Einflussbereiches (309) der Störung (300) befindet, die Fahrzeug-Steuerungsrichtung basierend auf der
Gegenwart der Störung (300) bestimmt.

34. Gerät nach Anspruch 24, bei dem die Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung die Steue-
rungsrichtung bestimmt, indem die nominelle Störungs-Vermeidungsrichtung und die nominelle Lenkungsrichtung
oder die Anti-Intercept-Richtung basierend auf einem Mischungsverhältnis passend zusammengemischt werden.

35. Gerät nach Anspruch 34, bei dem das Mischungsverhältnis eine Funktion ist.

36. Gerät nach Anspruch 35, bei dem das Mischungsverhältnis eine Funktion einer Entfernung ist, die das Fahrzeug
(10) und die Störung (300) separiert.

37. Gerät nach Anspruch 34, bei dem die Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung die Fahr-
zeug-Steuerungsrichtung in Übereinstimmung mit einer Funktion der folgenden Gestalt bestimmt:

wobei:

DLENKUNG ein Vektor mit einer Richtung in entweder die nominelle Lenkungsrichtung oder die Anti-Intercept-
Richtung ist;
DVERMEIDUNG ein Vektor mit einer Richtung in die nominelle Störungs-Vermeidungsrichtung ist;
DSTEUERUNG die Fahrzeug-Steuerungsrichtung ist;
F1 eine erste stetige Funktion ist; und
F2 eine zweite stetige Funktion ist.

38. Gerät nach Anspruch 37, bei dem F2 nahezu gleich 1-F1 ist.

39. Gerät nach Anspruch 37, das ferner folgendes aufweist:

eine Vorrichtung zum Steuern des Fahrzeuges (10) in Richtung der Fahrzeug-Steuerungsrichtung; und
bei dem die Vorrichtung zum Bestimmen einer nominellen Lenkungsrichtung für das Fahrzeug (10) basierend
auf einer relativen Position des Fahrzeuges (10) zu der Störung (300) die nominelle Störungs-Vermeidungs-
richtung bestimmt, und bei dem die Vorrichtung zum Bestimmen einer nominellen Lenkungsrichtung für das
Fahrzeug (10) die Vorrichtung zum Bestimmen einer nominellen Störungs-Vermeidungsrichtung und die Vor-
richtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung jeweils kontinuierlich ihre entsprechende Rich-
tung aktualisieren, wenn sich das Fahrzeug (10) fortbewegt.

40. Gerät nach Anspruch 24, bei dem:

sich das Fahrzeug (10) in Richtung des Zieles in Gegenwart einer Vielzahl von Störungen (300) fortbewegt;
bei dem die Vorrichtung zum Bestimmen einer nominellen Störungs-Vermeidungsrichtung eine nominelle Stö-
rungs-Vermeidungsrichtung für jede der Störungen (300) bestimmt; und
bei dem die Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung die Fahrzeug-Steuerungsrich-
tung basierend auf jeder der nominellen Störungs-Vermeidungsrichtungen bestimmt.

41. Gerät nach Anspruch 24, das ferner folgendes aufweist:

eine Vorrichtung zum Bestimmen, ob sich das Fahrzeug (10) der Störung (300) annähert oder ob sich das
Fahrzeug (10) von der Störung (300) wegbewegt.

42. Gerät nach Anspruch 41, bei dem die Vorrichtung zum Bestimmen einer Fahrzeug-Steuerungsrichtung eine Fahr-
zeug-Steuerungsrichtung basierend auf einer Ausgabe von der Vorrichtung zum Bestimmen, ob sich das Fahrzeug
(10) der Störung (300) annähert oder ob sich das Fahrzeug (10) von der Störung (300) wegbewegt, bestimmt.

DSTEUERUNG = F1 * DLENKUNG + F2 * DVERMEIDUNG;
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43. Gerät nach Anspruch 24, das ferner folgendes aufweist:

eine Vorrichtung zum Ausgeben eines Steuerungs-Steuersignals, um das Fahrzeug (10) in Übereinstimmung
mit der Fahrzeug-Steuerungsrichtung zu steuern.

44. Gerät nach Anspruch 24, das ferner folgendes aufweist:

eine Vorrichtung zum Anzeigen eines Steuerungsbefehls in Übereinstimmung mit der Fahrzeug-Steuerungs-
richtung.

45. Gerät nach einem der Ansprüche 24 bis 44, bei dem die geometrische Abgrenzung (310) weich ist.

46. Computerprogramm, das eine Programmcodeeinrichtung zum Durchführen sämtlicher der Verfahrensschritte von
einem der Ansprüche 1 bis 23 aufweist, wenn das Programm auf einem Computer ausgeführt wird.

Revendications

1. Procédé de manoeuvre d'un véhicule (10) vers une destination en présence d'au moins un obstacle (300), com-
prenant les étapes consistant à :

établir une direction de guidage nominale pour ledit véhicule (10), la direction de guidage nominale étant une
direction s'étendant essentiellement vers ladite destination,
établir une direction nominale d'évitement d'un obstacle et déterminer une direction de pilotage du véhicule,

caractérisé par l'étape consistant à :

définir une limite géométrique (310) par rapport à l'obstacle (300),
selon lequel la direction nominale d'évitement de l'obstacle est établie sur la base de ladite limite géométrique
(310) et d'une position relative dudit véhicule (10) par rapport à ladite limite géométrique (310), et
selon lequel la direction de pilotage du véhicule est déterminée sur la base de ladite direction nominale d'évi-
tement de l'obstacle, et

a) ladite direction nominale de guidage dans le cas où ledit véhicule (10) est sur un côté de ladite limite
géométrique (310) à l'opposé dudit obstacle (300), ou
b) une direction anti-interception entre ledit véhicule (10) et ledit obstacle (300) dans le cas où ledit véhicule
(10) est sur un côté, situé du côté de l'obstacle, de ladite limite géométrique (310),

selon lequel une solution pour la direction de pilotage du véhicule est continue à la traversée de la limite
géométrique (310).

2. Procédé selon la revendication 1, selon lequel ladite direction nominale d'évitement de l'obstacle est un vecteur
d'évitement basé sur la géométrie et déterminé sur la base de ladite limite géométrique (310).

3. Procédé selon la revendication 1, selon lequel la limite géométrique (310) est définie autour dudit obstacle (300)
et dans lequel le procédé comprend en outre l'étape consistant à déterminer si ledit véhicule (10) se situe à l'ex-
térieur de ladite limite géométrique (310) ou à l'intérieur de ladite limite géométrique (310).

4. Procédé selon la revendication 3, selon lequel, dans le cas où ledit véhicule (10) est situé à l'extérieur de ladite
limite géométrique (310), la direction de pilotage du véhicule est déterminée sur la base de ladite direction nominale
d'évitement de l'obstacle et de ladite direction nominale de guidage.

5. Procédé selon la revendication 3, selon lequel, dans le cas où ledit véhicule (10) est situé à l'intérieur de ladite
limite géométrique (310), la direction de pilotage du véhicule est déterminée sur la base de ladite direction nominale
d'évitement de l'obstacle et de ladite direction anti-interception.

6. Procédé selon la revendication 2, comprenant en outre l'étape de détermination d'une distance entre ledit véhicule
(10) et ledit obstacle (300).
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7. Procédé selon la revendication 6, selon lequel ladite étape de détermination d'une direction de pilotage du véhicule
est en outre basée sur ladite distance.

8. Procédé selon la revendication 7, dans lequel ladite direction de pilotage du véhicule est en outre basée sur un
élément de champ basé sur une distance.

9. Procédé selon la revendication 7, comprenant en outre l'étape consistant à déterminer une gamme d'influence
(309) dudit obstacle (300) et selon lequel, dans le cas où ledit véhicule (10) est au-delà de la gamme d'influence
(309) dudit obstacle (300), ladite direction de pilotage du véhicule est déterminée sans tenir compte de la présence
dudit obstacle (300).

10. Procédé selon la revendication 7, comprenant en outre l'étape de détermination d'une gamme d'influence (309)
dudit obstacle (300), et selon lequel, dans le cas où ledit véhicule (10) est situé à l'intérieur de la gamme d'influence
(309) dudit obstacle (300), ladite direction de pilotage du véhicule est déterminée sur la base de la présence dudit
obstacle (300).

11. Procédé selon la revendication 1, selon lequel ladite direction de pilotage du véhicule est déterminée par réunion
de ladite direction nominale d'évitement du véhicule et de ladite direction nominale de guidage ou de ladite direction
anti-interception sur la base d'un rapport de réunion.

12. Procédé selon la revendication 11, dans lequel le rapport de réunion est une fonction.

13. Procédé selon la revendication 12, selon lequel ledit rapport de réunion est une fonction d'une distance séparant
ledit véhicule (10) et ledit obstacle (300).

14. Procédé selon la revendication 11, selon lequel ladite direction de pilotage du véhicule est déterminée sous la
forme :

dans laquelle :

DGUIDAGE est un vecteur ayant une direction correspondant soit à ladite direction nominale de guidage, soit
à ladite direction anti-interception,
DÉVITEMENT est un vecteur ayant une direction correspondant à ladite direction nominale d'évitement de l'obs-
tacle;
DPILOTAGE est ladite direction de pilotage du véhicule;
F1 est une première fonction continue; et
F2 est une seconde fonction continue.

15. Procédé selon la revendication 14, selon lequel F2 est approximativement égale à 1-F1.

16. Procédé selon la revendication 14, comprenant en outre l'étape consistant à orienter ledit véhicule (10) dans ladite
direction de pilotage du véhicule; et

selon lequel ladite direction nominale d'évitement d'un obstacle est basée sur une position relative dudit
véhicule (10) par rapport audit obstacle (300) et selon lequel lesdites étapes d'établissement d'une direction de
guidage nominale vers ladite destination, d'établissement d'une direction nominale d'évitement de l'obstacle, d'éta-
blissement d'une direction de pilotage du véhicule, et de pilotage dudit véhicule (10) conformément à ladite direction
de pilotage du véhicule sont répétées plusieurs fois au cours du déplacement dudit véhicule (10).

17. Procédé selon la revendication 1, selon lequel :

ledit véhicule (10) se déplace en direction de ladite destination en présence d'une pluralité d'obstacles (300);
ladite étape de définition d'une limite géométrique (310) par rapport audit obstacle (300) inclut la définition
d'une limite géométrique (310) par rapport à chacun de ladite pluralité d'obstacles (300);
ladite étape d'établissement d'une direction nominale d'évitement d'obstacle inclut l'établissement d'une di-
rection nominale d'évitement d'obstacle pour chacun desdits obstacles (300); et

DPILOTAGE = F1 * DGUIDAGE + F2 * DÉVITEMENT;
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ladite étape de détermination d'une direction de l'orientation du véhicule inclut la détermination de la direction
de pilotage du véhicule sur la base de chacune desdites directions nominales d'évitement d'obstacle.

18. Procédé selon la revendication 1, comprenant en outre l'étape de détermination du fait que ledit véhicule (10) se
rapproche dudit obstacle (300) ou du fait que ledit véhicule (10) s'écarte dudit obstacle (300).

19. Procédé selon la revendication 18, selon lequel ladite étape de détermination d'une direction de pilotage du véhi-
cule inclut la détermination d'une direction de pilotage du véhicule sur la base de ladite étape de détermination
du fait que ledit véhicule (10) se rapproche dudit obstacle (300) ou que ledit véhicule (10) s'écarte dudit obstacle
(300).

20. Procédé selon la revendication 1, comprenant en outre l'étape consistant à délivrer un signal de commande de
pilotage efficace pour orienter ledit véhicule (10) en fonction de ladite direction de pilotage du véhicule.

21. Procédé selon la revendication 1, comprenant en outre l'étape consistant à afficher une commande de pilotage
conformément à ladite direction de pilotage du véhicule.

22. Procédé selon l'une quelconque des revendications précédentes, selon lequel la limite géométrique (310) est
uniforme.

23. Procédé pour manoeuvrer un premier véhicule (420B) par rapport à un second véhicule (420A), comprenant les
étapes consistant à :

établir une première limite répulsive (510) autour dudit second véhicule (420A);
établir une première limite attractive (520) autour de ladite première limite répulsive (510), ladite première
limite répulsive (510) et ladite première limite attractive (520) définissant entre elles une région interactive
(525);
calculer une direction de pilotage pour ledit premier véhicule (420B) de telle sorte que
lorsque ledit premier véhicule (420B) est à l'extérieur de ladite limite attractive (520), ledit premier véhicule
(420B) est dirigé vers ledit second véhicule (420A),
lorsque ledit premier véhicule (420B) est situé à l'intérieur de la première limite répulsive (510), ledit premier
véhicule (420) est dirigé à l'opposé dudit second véhicule (420A), et
lorsque ledit premier véhicule (420B) est dans ladite région interactive (525), ledit premier véhicule (420B) est
dirigé soit vers soit à l'opposé dudit second véhicule (420A) sur la base d'une fonction pondérée.

24. Dispositif pour manoeuvrer un véhicule (10) vers une destination en présence d'au moins un obstacle (300),
comprenant :

un dispositif pour déterminer une direction nominale de guidage pour ledit véhicule (10), ladite direction no-
minale de guidage étant une direction orientée essentiellement vers ladite destination,
un dispositif pour déterminer une direction nominale d'évitement d'obstacle, et
un dispositif pour déterminer une direction de pilotage du véhicule,

caractérisé par :

un dispositif pour définir une limite géométrique (310) par rapport à l'obstacle (300),
dans lequel le dispositif pour déterminer la direction nominale d'évitement de l'obstacle détermine la direction
nominale d'évitement de l'obstacle sur la base de ladite limite géométrique (310) et d'une position relative
dudit véhicule (10) par rapport à ladite limite géométrique (310), et
dans lequel le dispositif pour déterminer la direction de pilotage du véhicule détermine la direction de pilotage
du véhicule sur la base de ladite direction nominale d'évitement de l'obstacle, et

a) ladite direction nominale de guidage dans le cas où ledit véhicule (10) est sur un côté de ladite limite
géométrique (310) à l'opposé dudit obstacle (300), ou
b) une direction anti-interception entre ledit véhicule (10) et ledit obstacle (300) dans le cas où ledit véhicule
(10) est situé du côté, tourné vers l'obstacle, de ladite limite géométrique (310),

dans lequel une solution pour la direction de pilotage du véhicule est continue à la traversée de la limite
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géométrique (310).

25. Dispositif selon la revendication 24, dans lequel ladite direction nominale d'évitement de l'obstacle est un vecteur
d'évitement basé sur la géométrie et déterminé sur la base de ladite limite géométrique (310).

26. Dispositif selon la revendication 24, dans lequel le dispositif pour définir une limite géométrique (310) définit la
limite géométrique (310) entourant ledit obstacle (300), et dans lequel le dispositif comporte en outre :

un dispositif pour déterminer si ledit véhicule (10) est situé à l'extérieur de ladite limite géométrique (310) ou
à l'intérieur de ladite limite géométrique (310).

27. Dispositif selon la revendication 26, dans lequel dans le cas où ledit véhicule (10) est situé à l'extérieur de ladite
limite géométrique (310), le dispositif pour déterminer la direction de pilotage du véhicule détermine la direction
de pilotage du véhicule sur la base de ladite direction nominale d'évitement de l'obstacle et de ladite direction
nominale de guidage.

28. Dispositif selon la revendication 26, dans lequel, dans le cas où ledit véhicule (10) est situé à l'intérieur de ladite
limite géométrique (310), le dispositif pour déterminer la direction de pilotage du véhicule détermine la direction
de pilotage du véhicule sur la base de ladite direction nominale d'évitement de l'obstacle et de ladite direction anti-
interception.

29. Dispositif selon la revendication 24, comprenant en outre :

un dispositif pour déterminer une distance entre ledit véhicule (10) et ledit au moins un obstacle (300).

30. Dispositif selon la revendication 29, dans lequel ledit dispositif pour déterminer une direction de pilotage du véhicule
détermine en outre ladite direction de pilotage du véhicule sur la base de ladite distance.

31. Dispositif selon la revendication 24, dans lequel ledit dispositif pour déterminer une direction de pilotage du véhicule
détermine en outre ladite direction de pilotage sur la base d'un élément de champ basé sur une distance.

32. Dispositif selon la revendication 30, comprenant en outre :

un dispositif pour déterminer une gamme d'influence (309) dudit obstacle (300), et dans lequel, dans le cas
où ledit véhicule (10) se situe au-delà de la gamme d'influence (309) dudit obstacle (300), ledit dispositif pour
déterminer une direction de pilotage du véhicule détermine en outre ladite direction de pilotage du véhicule
sans tenir compte de la présence dudit obstacle (300).

33. Dispositif selon la revendication 30, comprenant en outre :

un dispositif pour déterminer une gamme d'influence (309) dudit obstacle (300), et dans lequel, dans le cas
où ledit véhicule (10) se situe au-delà de la gamme d'influence (309) dudit obstacle (300), ledit dispositif pour
déterminer une direction de pilotage du véhicule détermine en outre ladite direction de pilotage du véhicule
sur la base de la présence dudit obstacle (300).

34. Dispositif selon la revendication 24, dans lequel ledit dispositif pour déterminer une direction de pilotage du véhicule
détermine ladite direction de pilotage en réunissant ladite direction nominale d'évitement de l'obstacle et ladite
direction nominale de guidage ou ladite direction anti-interception sur la base d'un rapport de réunion.

35. Dispositif selon la revendication 34, dans lequel ledit rapport de réunion est une fonction.

36. Dispositif selon la revendication 35, dans lequel ledit rapport de réunion est une fonction d'une distance séparant
ledit véhicule (10) et ledit obstacle (300).

37. Dispositif selon la revendication 34, dans lequel le dispositif pour déterminer une direction de pilotage du véhicule
détermine ladite direction de pilotage du véhicule conformément à une fonction ayant pour forme :



EP 1 244 946 B1

5

10

15

20

25

30

35

40

45

50

55

34

dans laquelle :

DGUIDAGE est un vecteur ayant une direction correspondant soit à ladite direction nominale de guidage, soit
à ladite direction anti-interception,
DÉVITEMENT est un vecteur ayant une direction correspondant à ladite direction nominale d'évitement de l'obs-
tacle;
DPILOTAGE est ladite direction de pilotage du véhicule;
F1 est une première fonction continue; et
F2 est une seconde fonction continue.

38. Dispositif selon la revendication 37, dans lequel F2 est approximativement égale à 1-F1.

39. Dispositif selon la revendication 37, comprenant en outre :

un dispositif pour piloter ledit véhicule (10) dans ladite direction de pilotage du véhicule; et
dans lequel ledit dispositif pour déterminer une direction nominale de guidage pour ledit véhicule (10) déter-
mine ladite direction nominale d'évitement de l'obstacle sur la base d'une position relative dudit véhicule (10)
par rapport audit obstacle (300), et dans lequel ledit dispositif pour déterminer une direction nominale de
guidage pour ledit véhicule (10), et ledit dispositif pour déterminer une direction de pilotage du véhicule mettent
à jour chacun continûment leur direction correspondante lorsque ledit véhicule (10) se déplace.

40. Dispositif selon la revendication 24, dans lequel :

ledit véhicule (10) se déplace en direction de ladite destination en présence d'une pluralité d'obstacles (300);
dans lequel ledit dispositif pour déterminer une direction nominale d'évitement d'obstacle détermine une di-
rection nominale d'évitement d'obstacle pour chacun desdits obstacles (300); et
dans lequel ledit dispositif pour déterminer une direction de pilotage du véhicule détermine une direction de
pilotage du véhicule sur la base de chacune desdites directions nominales d'obstacle.

41. Dispositif selon la revendication 24, comprenant en outre :

un dispositif pour déterminer si ledit véhicule (10) se rapproche dudit obstacle (300) ou si ledit véhicule (10)
s'écarte dudit obstacle (300).

42. Dispositif selon la revendication 41, dans lequel ledit dispositif pour déterminer une direction de pilotage du véhicule
détermine une direction de pilotage du véhicule sur la base d'un signal de sortie provenant dudit dispositif pour
déterminer si le véhicule (10) se rapproche dudit obstacle (300) ou si ledit véhicule (10) s'écarte dudit obstacle
(300).

43. Dispositif selon la revendication 24, comprenant en outre :

un dispositif pour délivrer un signal de commande de pilotage pour piloter ledit véhicule (10) conformément
à ladite direction de pilotage du véhicule.

44. Dispositif selon la revendication 24, comprenant en outre :

un dispositif pour afficher une commande de pilotage conformément à ladite direction de pilotage du véhicule.

45. Dispositif selon l'une quelconque des revendications 24 à 44, dans lequel la limite géométrique (310) est uniforme.

46. Programme d'ordinateur comprenant des moyens de code de programme pour exécuter toutes les étapes selon
l'une quelconque des revendications 1 à 23 lorsque ledit programme est exécuté dans un ordinateur.

DPILOTAGE = F1 * DGUIDAGE + F2 * DÉVITEMENT;
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