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NAVIGATING CONGESTED ENVIRONMENTS WITH RISK LEVEL SETS

BACKGROUND

[0001] As is known in the art, there is a trend toward the use of autonomous vehicles. In
some locations (e.g. city or heavily populated environments), autonomous vehicles will

operate in frequently changing, congested and cluttered environments.

SUMMARY
[0002] In accordance with the concepts, systems and techniques described herein, it has been
recognized that to successfully navigate a dynamic environment, one may first quantify the
level of congestion in the environment. Once the environmental congestion is known, an
agent may choose a control law such that the agent avoid collisions with obstacles and other

agents in the environment.

[0003] Disclosed is an improved technique for navigating autonomous agents across
congested and cluttered environments that is based on occupancy cost sets that quantify the
level of risk at different locations in the environment in which autonomous agents are
traveling. Using risk level sets reduces the control space for an agent (e.g., a vehicle or other
machine as will be described in detail herein after), which facilitates collision avoidance. The
disclosed technique is particularly useful in applications that require exploring a cluttered
environment, or navigating in crowds or traffic. In situations where the number of obstacles
may change, the disclosed technique scales with the density of the environment, both

providing a metric of congestion to the agent and adjusting the control space.

[0004] According to aspects of the disclosure, a method is provided for use in a planning
agent, the method comprising: identifying a first agent in a vicinity of the planning agent;
identifying a location of the first agent; calculating a set of occupancy costs for the first agent;
and changing at least one of speed or direction of travel of the planning agent based on the

set of occupancy costs.

[0005] According to aspects of the disclosure, an apparatus is provided comprising: a
processing circuitry configured to: identify a first agent in a vicinity of the apparatus; identify

alocation of the first agent and a velocity of the first agent; calculate a set of occupancy costs
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for the first agent; and change at least one of speed or direction of travel of the apparatus

based on the set of occupancy costs.

[0006] According to aspects of the disclosure, a non-transitory computer-readable medium is
provided that stores one or more processor-executable instructions which when executed by
a processing circuitry of a planning agent cause the processing circuitry to perform the
operations of: identifying a first agent in a vicinity of the planning agent; identifying a
location of the first agent; calculating a set of occupancy costs for the first agent; and changing
at least one of speed or direction of travel of the planning agent based on the set of occupancy

Costs.

[0007] According to aspects of the disclosure, a method is provided for use in a planning
agent (e.g., an agent planning a path), the method comprising: identifying a first agent in a
vicinity of the planning agent; identifying a location of the first agent and a velocity of the
first agent; calculating a set of occupancy costs for the first agent, each occupancy cost in the
set of occupancy costs being associated with a different respective location in the vicinity of
the planning agent, each occupancy cost in the set of occupancy costs being calculated at least
in part based on a cost function that depends on the location of the first agent and the velocity
of the first agent; and changing at least one of speed or direction of travel of the planning

agent based on the set of occupancy costs.

[0008] According to aspects of the disclosure, an apparatus is provided comprising an
acceleration system; a steering system; and a processing circuitry operatively coupled to the
acceleration system, and the steering system, the processing circuitry being configured to:
identify a first agent in a vicinity of the apparatus; identify a location of the first agent and a
velocity of the first agent; calculate a set of occupancy costs for the first agent, each
occupancy cost in the set of occupancy costs being associated with a different respective
location in the vicinity of the apparatus, each occupancy cost in the set of occupancy costs
being calculated at least in part based on a cost function that depends on the location of the
first agent and the velocity of the first agent; and change at least one of speed or direction of

travel of the apparatus based on the set of occupancy costs.

[0009] According to aspects of the disclosure, a non-transitory computer-readable medium is

provided that stores one or more processor-executable instructions which when executed by
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a processing circuitry of a planning agent cause the processing circuitry to perform the
operations of: identifying a first agent in a vicinity of the planning agent; identifying a
location of the first agent and a velocity of the first agent; calculating a set of occupancy costs
for the first agent, each occupancy cost in the set of occupancy costs being associated with a
different respective location in the vicinity of the planning agent, each occupancy cost in the
set of occupancy costs being calculated at least in part based on a cost function that depends
on the location of the first agent and the velocity of the first agent; and changing at least one

of speed or direction of travel of the planning agent based on the set of occupancy costs.

[00010] In one aspect of the concepts, systems and techniques, the use of risk level sets
to navigate a cluttered environment is described. A cost function is introduced that quantifies
the level of congestion from both the location of other obstacles and agents, as well as their
movement through the environment. This cost function allows the measurement of occupancy
for points in the environment and map it to a measure of risk for an agent attempting to
navigate to that point. Agents are allowed to choose a risk threshold from level sets
established through the cost function. By construction, a conservative agent chooses a lower
risk threshold, while an aggressive agent chooses a higher risk threshold. Agents are allowed
to make any control action within this set, and in doing so, they are guaranteed to avoid

collisions with other agents and obstacles.

[0011] The approach described herein is useful to a number of applications in multi-agent
systems. Using risk level sets reduces the control space for an agent, which increase the
chance of (and ideally, guarantees) collision avoidance. This is particularly useful in
applications requiring exploration or navigation of a cluttered environment, or navigation of
crowds or traffic. In situations where the number of obstacles may change, the technique
described herein scales with the density of the environment, both providing a metric of
congestion to the agent and adjusting the control space. In some implementations, the control
space may include the set of all valid control inputs to a system such that the system remains

within a defined level set.

[0012] In one aspect, the manner in which risk level sets may be applied to autonomous

vehicles. For self-driving cars to fully integrate into daily lives, they must interact with other



WO 2019/222182 PCT/US2019/032177

human drivers and respond to everyday traffic scenarios. In the case of highway navigation,
an autonomous vehicle will need to adapt to varying levels of traffic and congestion

along the road. In one example, the problem of an autonomous vehicle planning a
sequence of lane changes along a highway is used to demonstrate the one aspect of the
techniques described herein. Using a congestion cost metric, a vehicle may rapidly assesses
a level of congestion on a road. To plan a sequence of lane changes, the technique maps cost
to a weighted graph along a planning horizon, and uses Djikstra’s Algorithm to find a
fastest route through traffic while avoiding collisions with other cars. Using the risk level
set formulation described herein, one may demonstrate how an agent’s choice of risk
threshold manifests as varying behavior; conservative drivers with lower risk thresholds will
make fewer lane changes, while aggressive drivers with a higher risk threshold attempt

more lane changes.

[0013] Tt will be understood that this Summary is provided to introduce a selection of
concepts in a simplified form that are further described below in the Detailed Description.
This Summary is not intended to identify key features or essential features of the claimed

subject matter, nor is it intended to be used to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0014] Other aspects, features, and advantages of the claimed invention will become more
fully apparent from the following detailed description, the appended claims, and the
accompanying drawings in which like reference numerals identify similar or identical
elements. Reference numerals that are introduced in the specification in association with a
drawing figure may be repeated in one or more subsequent figures without additional

description in the specification in order to provide context for other features.

[0015] FIG. 1A is a diagram of an example of a planning agent, according to aspects of the
disclosure;

[0016] FIG. 1B is a diagram of a control unit of FIG. 1A, according to aspects of the
disclosure;

[0017] FIG. 2 is a diagram illustrating the operation of the planning agent of FIG. 1A,
according to aspects of the disclosure;

[0018] FIG. 3A is a diagram illustrating an example of a pairwise set of occupancy costs that
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is associated with the planning agent of FIG. 1A, according to aspects of the disclosure;
[0019] FIG. 3B is a diagram illustrating a plurality of locations within a planning horizon of
the planning agent of FIG. 1A that are associated with the pairwise set of occupancy costs of
FIG. 3A, according to aspects of the disclosure;

[0020] FIG. 3C is a flowchart of an example of a process for calculating the pairwise set of
occupancy costs of FIG. 3A, according to aspects of the disclosure;

[0021] FIG. 4A is a diagram illustrating an example of a set of occupancy costs that is
generated by combining different pairwise occupancy cost sets, according to aspects of the
disclosure;

[0022] FIG. 4B is a flowchart of an example of a process for calculating the occupancy cost
set of FIG. 4A, according to aspects of the disclosure;

[0023] FIG. 5A is diagram illustrating the operation of a process for navigating a planning
agent based on a set of occupancy costs, according to aspects of the disclosure;

[0024] FIG. 5B is a flowchart of the process of FIG. 5A for navigating a planning agent based
on a set of occupancy costs, according to aspects of the disclosure;

[0025] FIG. 6A is diagram illustrating the operation of another process for navigating a
planning agent based on a set of occupancy costs, according to aspects of the disclosure;
[0026] FIG. 6B is a flowchart of the process of FIG. 6A for navigating a planning agent based
on a set of occupancy costs, according to aspects of the disclosure;

[0027] FIG. 7 is a diagram illustrating an example of a hexagonal packing pattern, according

to aspects of the disclosure.

DETAILED DESCRIPTION

[0028] According to aspects of the disclosure, an example of a model is provided for
calculating or otherwise determining occupancy scores associated with different locations in
an environment. The model can be used by a planning agent to determine respective
occupancy scores for different locations around the planning agent, and it takes into account:
(i) the position and one or more other characteristics of the planning agent, and (ii) the
respective position and one or more other characteristics of at least one neighboring agent
that is situated in the vicinity of the planning agent. According to the model, the neighboring
agents in the vicinity of the planning agent are treated as dynamic obstacles. In an

environment an environment Q < RV, with points in Q denoted gq. For n agents in the
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environment, the position of each agent is denoted in the model as x;, for i € {1,...,n}.
According to the model, the planning agent is the planning agent, with position denoted x,.

The model assumes that all agents have double-integrator dynamics, such that
X = uy, (Eq. 1)

, where u; is the control input for each agent. In some implementations, the model also
assumes that all agents have maximum speed and acceleration, such that || ¥; < a; and |l

x; I< v;, where a; and v; are the maximum acceleration and velocity, respectively.

[0029] The model introduces an occupancy cost, H, which captures both the density of agents
at a location, as well as their intended direction of motion. The cost is calculated based on all

agents in the environment, defined by Equation 2 below:

N yn exp(—(q-x)T0(g-x0)
H(q,x,%) = Xi=q 1+exp(—axT (q—xp)

(Eq. 2)

where () is the diagonal matrix of the inverse square of the standard deviation, x; is the

location of a neighboring agent (e.g., an agent located near the planning agent), and q is a

location on the road for which the cost is calculated. In R?, O = diag{%,%}. It should be
x 9y

noted that the construction of H is a Gaussian peak multiplied by a logistic function. As
illustrated in FIGS. 5A and B, the Gaussian peak represents an estimate of an agent’s position
in a predetermined future time period (e.g., in the next 5 seconds), while the logistic function
skews this estimate in the direction of the velocity. By skewing the position by the velocity,
the occupancy cost H is higher along points in the direct path of the agent’s motion, and lower

otherwise.

[0030] According to the model, the cost function is used as a proxy for the intention of the
other agents in the system. In highly-cluttered and congested environments, it is impractical
for the planning agent to know (at all times) the control laws of all other agents in the system.
In this regard, using the present model to calculate the agent’s position is advantageous
because the model permits the position to be calculated only based on observed respective
velocities and/or accelerations of neighboring agents. Since H is defined in the local reference
frame of the planning agent, these respective velocit(ies) and the respective acceleration(s)

may be expressed, in some implementations, relative to a position of the planning agent.

[0031] In some implementations, the model assumes that all agents (e.g., other than the

planning agent) are self-preserving. Under the assumption of self-preserving agents, it is
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possible to find the appropriate risk thresholds for the agents to guarantee collision avoidance.
In this regard, the present disclosure proposes that there is some cost threshold that, if an
agent stays below that threshold, is guaranteed to avoid collisions. Let H, define the cost at
which a collision occurs. For self-preserving agents, the goal is for an agent to never exceed
this cost. Given the dynamics of the system, a cost threshold Hrcan be defined as a maximum
threshold, where Hy < H. If the agent stays within this cost, they will always have sufficient
stopping distance to avoid collisions. Finally, a planning threshold Hp for an agent may be
defined, wherein Hp < Hy. If an agent chooses the maximum allowable risk, then Hp = Hrp,

but for any agent choosing a lower risk, Hp < Hy.

[0032] In some implementations, the establishment of the planning threshold Hp allows a risk
level set to be constructed, for a particular environment, by choosing all values of H < Hp,

defined
Ly ={q|H(q — x¢, %) < Hp}. (Eq. 3)

, Where X is the location of the planning agent, q is a location on the road, and x; is the speed

of a neighboring agent.

[0033] According to the present disclosure, by planning actions within its risk level set L,
an agent may be able to avoid collisions with all other agents and obstacles. In support of
this proposition, a series of proofs are presented further below that define the various risk
thresholds of the system. The series of proofs are presented with respect to Lemma 1, Lemma
2, and Theorem 2, which are defined below. Lemma 1 shows that it is possible to analytically
devise the maximum cost before collision H;,. Lemma 2 provides a formalistic method for
defining the planning threshold Hy. And Theorem 1 shows that if an agent starts inside L,
and plans all future actions within their risk level set, the cost will never exceed H,, thus
avoiding collisions. From the two-agent system, it is possible to extend these results to

multiple agents and obstacles in the system.

[0034] Two-Agent System

[0035] Consider a two-agent system comprising the planning agent (e.g., located at x,, and
another agent, located at x;). Without loss of generality, the dynamics of the system can be
expressed such that the planning agent appears stationary at the origin. In this modified
reference frame, v; is defined as the velocity of x;, and a; is defined as the acceleration of x;.

Using these dynamics, R, is defined as the braking distance of x; when traveling at its
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maximum velocity, x;, and 7. as the safety radius of the vehicle enclosing its extent. A

collision is thus defined when |l d I< 7.

[0036] To choose a control action, the cost needs to be calculated at the location of the
planning agent. Let d = (x, — x;), expressed in the modified coordinate frame such that x,

is the origin. The cost for the two-agent system can be written as:

exp(-dTQd)
1+exp(—axla)’

H(d, %) = (Eq. 4)

[0037] For our planning agent to avoid collisions, the distance between the two agents must
satisfy |l d I> r,. In Theorem 1, it is shown that by the properties of H, collision avoidance
also means the cost H never exceeds a maximum cost H.. From 7, the safety radius of the

vehicle, the following Lemma summarizes the calculation of H..
[0038] Lemma 1 For a two-agent system with cost H defined in (3), the maximum cost before
collision H, is defined according to Equation 5 below:

2
e
exp(——)
_ g
1+exp(—av;re)

(Eq. 5)

c

1 (101
,where — =min)—,—v.
X

m y

[0039] Proof- To calculate the maximum value of H, before collision, evaluate H when |l d I
d

T The safety radius can be written 7 u.

=1.. Let u; represent the unit vector u =
Substituting this into the expression of cost yields:

exp(-rZu’ Qu)

H(ru,x;) = (Eq. 6)

1+exp(—ar xIu)
Note that the value of u” Qu depends on the direction of u. Define %z = min {Gi %} From

2
m x Oy

2
= < uTQu, it follows that exp (— ;—CZ) > exp(—r2u’Qu). The value of H, will depend on

Om

the value of (1 + exp(—arca'ciT u)) in the denominator. To find the largest value of H,, it is
necessary to find the smallest value of the denominator. Note the value of exp(—ar,x! u)
also depends on the relationship between x; and u. If x; is moving away from x,, then 7 u <
0, which drives the overall value of H toward zero. Thus H (r.u, x;) increases when x; = vu,

where v is the magnitude of the velocity. Given a maximum velocity v;, it follows that:
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2
exp ( —:—2;)

)<\ o)
H(Tcu’ xl) — 1+exp(—arew;)

Since H, is the maximum value of H (7, u, x;), it follows H, =

2
Tc
exp(——)
T
1+exp(—ar.v;)’

which is equivalent to (Eq. 5).

[0040] From Lemma 1, it can be seen that the maximum cost H. occurs when an agent is
traveling at its maximum velocity at its safety radius. For vehicles with single-integrator
dynamics that can stop instantaneously, our agents could generate a level set based on this
threshold and avoid collisions. However, if the agents cannot stop instantaneously, then a cost
of H. would cause a collision. Instead, we also need to find the value of cost that prevents
collisions given a minimum braking distance. For a braking distance R;, Lemma 2 defines
the maximum threshold cost Hy. We use Hy when choosing our planned risk threshold Hp <

Hy.

[0041] Lemma 2 For the two-agent system with cost H defined in (3), the maximum

threshold to avoid collisions Hy is defined

=)
exp —%
Hp =—-"  (Eq.7)

where g, = max{ax, O'y}.

[0042] Proof- Similar to Lemma 1, the maximum threshold cost can be found by looking at
the requirements to guarantee the safe braking distance. Recall that R, is the braking distance

of x;, such that it will never collide with x,. To guarantee the self-preservation, the threshold

cost will be the minimum value of H at this distance Il d |= R,,. For the unit vector u = Tar

exp(—R,Z,iuTﬂu)

it follows that H(Ryu, %;) = In Lemma 1, the maximum value of H was

1+exp{-aRpxTu).’
found to calculate H,. In Lemma 2, however, the minimum value of A is found to calculate
Hr. Note that the value of u” Qu depends on the orientation and values of g, and oy. However,

_R .2
b,i
exp
( o )

1+exp{—aRpxTu)

we know H(Rpu, x;) = for o, = max{ax, O'y}. Here, it can be observed that

the value of H decreases as the denominator (e.g., 1 + exp(—aR, %] w), etc.) increases. Note
that for some positive constant ¢, exp(—c) < 1. The largest value of the denominator occurs

when x; = 0. Any velocity in the direction of u would result in a larger value of H. Thus,
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-R, .

b,i2
exp( 0_2' )
HRpu, x;) = T” By choosing the smallest value of H (R, X;) as Hr, the expression
in (Eq. 6) is found.

[0043] According to aspects of the disclosure, to avoid collisions, the planning agent stays
within L, their risk level set, defined in (Eq. 3) by some choice of Hp < Hy. By construction,
it can be seen that the chosen value of Hp correlates with how close the planning agent will
get next to other agents. Intuitively, a smaller value of Hp corresponds to larger separations
between the planning agent (and other agents, hence a “less risky” maneuver. In Theorem 1

it is demonstrated that for agents starting in L; and only planning actions that stay below this

risk level set, the cost will never exceed H,..

[0044] Theorem 1 For a planning agent starting with some initial cost H < Hp and

operating within the set of points defined by Ly, the total cost will never exceed H.

Proof. Consider a two-agent system, with planning vehicle x, and other vehicle x;, and all
dynamics written such that the ego vehicle appears stationary at the origin. Given the initial
cost is below Hr, it is known that || d II> R,,, the braking distance for the other vehicle. To

prove that the cost will never exceed H., its dynamics are examined. Recall H(d, x;) =

2
exp(-dTQd) exp(—%)

Trexp(-aiTd)’ Now consider the function W(r) = where v,y 18 the

1+exp(—avmaxr)’
maximum magnitude of velocity of x; and r is the distance between the two agents, r =||
d |l. By inspection, W(ll d II) = H(d, x;), and that for Il d ll= 1., W (7.) = H,. The
derivative of W is

—er'exp(—:—zz)

W= b

oz, (1+exp(—avmaxr))

2
. T
(—avmaxr7) exp(—avmaxr——z )
seeey Tm

r(1+exp(—avmaxr))2

From the derivative, W is not always decreasing as r increases. W can be re-written as:

W — [;_;1 + a’vmaxexp(—a’vmaxr)] ﬁ, (Eq 8)

T{1+exp(—avmaxr))

| —r2
rrexp(—z)

Tm
(1+exp(—avmaxm))

, where f = > 0. The sign of W then depends on choosing an a such that

av, exp(—av, 1) 27, .
max¥pL-FrmaxTe) —-. Thus, given the values of 7., g,,,, and vp.x, We can choose a such
(1+exp(—avmaxTc)) o4

10
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that such that W < 0 for r > r,.

[0045] Since W (r) is always greater than H for || d II> 7., and W < 0 for increasing r, then
H(d, %;) < H, for anyll d II> . Thus, the cost H(d, x;) will never exceed H, unless the
agents collide. For agents operating within Ly, to stay in L; requires only choosing points
such that H(-) < Hp < H,, thus any agent starting in L will never choose an action that

results in H > H,, completing the claims of Theorem 1.

[0046] As shown in Theorem 1, an agent starting within L; will never exceed the collision
threshold H,. If all agents in the system stay within their respective thresholds Ly ;, then all
agents will never leave these sets. However, the present example does not assume all agents
in the system use the same control laws. Rather, the present example assumes only that the
agents are self-preserving. Due to this property, there may be situations in which the planning
agent experiences a cost greater than Hp, but never exceeding Hy. Consider the scenario of
the planning agent directly following the other agent in the environment. If the other agent
brakes suddenly, the planning agent will experience an increase in cost as it moves towards
the other agent. However, since Hy is chosen to include a braking distance, then as soon as

the planning agent sees H > Hp, it can begin braking to avoid collision and maintain H < H,.

[0047] Multiple-Agent System

[0048] Using the claims from Theorem 1 for two agents, this section extends those results to
multiple agents in the environment. For two agents, the disclosure introduced H, which maps
the position of the other agent to an occupancy cost in the environment, allowing for the
definition of a risk threshold and L. When considering multiple agents, a simple approach is
to consider all the agents as many pairwise interactions. For i = {1,...,n} other agents, let
d; = (x, — x;), Hy(d;, ;) be the threshold between two agents, and H,; be the collision
cost. The risk level set is L, can then be expressed as the intersection of all pairwise level

sets,

Ly =Nty Lpi, (EQ.9)
., where Lj; is defined in (2). When defined in this fashion, Corollary 1 extends the claims of
Theorem 1 to the multi-agent scenario.

[0049] Corollary 1 For a planning agent x, and a group of n agents with positions x;, let

Ly represent planning set of agent x,. By planning within Ly, agent x. avoids collisions with

11
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all other n agents in the environment.

[0050] Proof. By construction, Ly is the intersection of all pairwise risk sets. For a point g to
be in this set, the individual agent cost H;(q — x;, X;) < Hy. By Theorem 1, when the planning
agent plans within this risk threshold, the maximum pairwise cost will never exceed H,,
ensuring the planning agent does not collide with the agent x;. With this pairwise approach,

the planning agent avoids collisions with all agents.

[0051] While Corollary 1 demonstrates a method for avoiding collisions in a pairwise
fashion, to compute L as the intersection of all individual sets becomes intractable with many
agents. Instead, it may be desirable to compute a single cost across the environment, and find
a single risk level set within that cost. Consider the cost as the sum of all agents in the
environment. Let

, exp(-dfd;)
H= Z?:l Hi(di»xi) = ?Zl 1+exp(—La’J€T(Lii)’
2

(Eq. 10)

[0052] where n is the number of other agents in the field, and d; = (x, — x;). the pairwise
distance between the planning agent x, and other agent x;. Here, it is assumed that (), @, V4.
and the collision radius 7, are equal for all agents in the group. From the assumption that all
agents have the same safety radius, it can be shown that the level set of cost can be determined
from a circle-packing problem. It turns out that for all agents with safety radius 7, the
hexagonal packing pattern is the densest arrangement of agents. In this pattern, at most six
other agents of radius 7, are positioned around the planning agent, and another twelve agents

are arranged within 27, distance from the planning agent, as illustrated in FIG. 7.

[0053] From this hexagonal pattern, the maximum cost H, can be approximated which
planning agent may encounter, based on a worst-case scenario of all agents packed together.

It can be found that:

o
exp(-Z£)
H.o~ Yo —— 2w
¢ =1 9 texp(—avmaxrec)
2
exp(_(1-572"c) )
..... o
+ 212 it
=7 1+exp(—1.5aVmax’c)
2
exp(——(ZTZC) )

Im

(Eq. 11)

=13 1+exp(—2avmax’e)

[0054] In this summation, six agents are arranged at 7., shaded with a crosshatch in FIG. 7.

Six more agents are a distance 1.57,, shaded with dots, and six agents are a distance 27, away,
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shown in white in FIG. 7. This calculation can be extended by adding more agents around the
planning agent in the hexagonal pattern. Note the approximation of H, is determined by the
number of agents and the packing density. For practical purposes in highly-cluttered
environments, H, may be approximated by a fixed number of agents. Similarly, we can

approximate Hr from (Eq. 6) for multiple agents as

R?
b
exp{ —
6 ( Jﬁ)

F
2

i:1 2
(1.5Rp)? (2Rp)? (Eq' 12)
----- 12 exp(— a7 ) 18 exp(— a7 )
+ il Bt Yoy ——+. ..

2

[0055] For planning purposes, approximating Hy by truncating the series expansion will yield
3exp(—:—z’>
2

Hy for any group size of n = 6 other agents in the environment.

a more conservative estimate. For example, letting Hp < will guarantee that Hp <

[0056] Referring now to FIG. 1A, an example of a planning agent 100 includes a control unit
102 operatively coupled to a braking system 104, a steering system 106, and an acceleration
system 108. In some implementations, the planning agent 100 may be arranged to travel (e.g.
drive) from one point to another without (or with limited) input from a human driver.
According to the present example, the planning agent 100 is an automobile. However,
alternative implementations are possible in which the planning agent 100 is a truck, a
motorcycle, a bus, a boat, an airplane, a helicopter, a lawnmower, a recreational vehicle, an
amusement park vehicle, farm equipment, construction equipment, a tram, a golf cart, a train,
a trolley, a glider, warehouse equipment, factory equipment, a wheelchair, a mobility
assistance, and/or any other suitable type of device or system (i.e., planning agent (or any
agent) may be any land, water or air-based vehicle or any machinery or other equipment

capable of being controlled).

[0057] Control unit 102 may include one or more computing systems for controlling the
operation of the planning agent 100. The control unit 102 may be configured to interact with
the braking system 104, the steering system 106, and the acceleration system 108 to cause the
planning agent 100 to slow down, stop, steer, or accelerate by providing appropriate control
signals. The steering system 106 may include any suitable type of system that is capable of
causing the planning agent to change its traveling direction. For example, the steering system

106 may include a rack-and-pinion steering system or a warm-and-roller steering system.
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Additionally or alternatively, in some implementations (e.g., in instances in which the
planning agent 100 is a wheelchair), the steering system may be implemented by changing
the speed at which different wheels of the planning agent turn. The acceleration system 106
may include any suitable type of system that can cause the planning agent to accelerate. For
example, the acceleration system 106 may include one or more actuators (e.g., engines,

motors, etc.) that are part of the planning agent 100, throttle control, efc.

[0058] Referring now to FIG. 1B, an illustrative control unit 102 includes processing circuitry
110 operatively coupled to a memory 120, sensors 130, and a radio 140. The processing
circuitry 110 may include one or more general purpose processors (e.g., ARM-based
processors), one or more Application-Specific Integrated Circuits (FPGAs), a Field-
Programmable Gate Array (FPGA), and/or any other suitable type of processing circuitry.
The memory 120 may include any suitable type of volatile and/or non-volatile memory. In
some implementations, the memory 120 may include a random access memory (RAM), a

Solid-State Drive (SSD), a flash memory, a hard disk (HD), a flash memory, efc.

[0059] The sensor(s) 130 may include one or more of a microphone, a camera, sensor for
detecting pitch, yaw, or roll of the planning agent 100, a laser scanner, a sonar, a RADAR, a
LIDAR, and/or any other suitable type of device for detecting obstacles and/or other vehicles
on the road. In some implementations, any of the sensors(s) 130 may be arranged to provide
the processing circuitry 110 with signals that identify one or more characteristics of at least
one neighboring agent that is situated in the vicinity of the planning agent 100. For example,
such characteristics may include: (i) the location of the neighboring agent, speed of travel of
the neighboring agent, direction of travel of the neighboring agent, acceleration of the
neighboring agent, physical dimensions of the neighboring agent (e.g., length, width, and
height), type of the neighboring agent (e.g., SUV, car, truck, emergency vehicle, etc.), braking
distance of the neighboring agent, efc.  Additionally or alternatively, in some
implementations, the any of the sensor(s) 130 may be arranged to generate signals that
identify one or more characteristics of the environment across which the planning agent 100
is traveling. For example, such characteristics may include: (i) type of surface on which the
planning agent is traveling, (ii) slope of the surface on which the traveling agent is traveling
(e.g., 1s the planning agent traveling uphill, downhill, or on an approximately level surface),

(i11) visibility in the environment in which the planning agent is traveling, efc.

[0060] The radio 140 may be a 802.11 transceiver, a 4G or 5G transceiver, a communication
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unit for inter-vehicle communication, or any other type of transceiver for receiving and
transmitting information. In some implementations, the radio 140 may be used by the
processing circuitry 110 to receive indications of various characteristics of at least one
neighboring agent that is situated in the vicinity of the planning agent 100. For example, such
characteristics may include: (i) the location of the neighboring agent, speed of travel of the
neighboring agent, direction of travel of the neighboring agent, acceleration of the
neighboring agent, physical dimensions of the neighboring agent (e.g., length, width, and
height), type of the neighboring agent (e.g., SUV, car, truck, emergency vehicle, etc.), braking
distance of the neighboring agent, efc. In some implementations, the indications of the
characteristics may be transmitted by the neighboring agent via a protocol for inter-vehicle
communication. Additionally or alternatively, in some implementations, the radio 140 may
be used by the processing circuitry 110 to receive indications of one or more characteristics
of the environment across which the planning agent 100 is traveling. For example, such
characteristics may include: (i) type of surface on which the planning agent 100 is traveling,
(i1) slope of the surface on which the planning agent 100 is traveling (e.g., is the planning
agent traveling uphill, downhill, or on an approximately level surface), (iii) visibility in the
environment in which the planning agent 100 is traveling, (iv) condition of the surface on
which the planning agent is traveling (e.g., wet or dry), efc. In some implementations, the
indication(s) of characteristics of the environment across which the planning agent 100 is
traveling may be transmitted by neighboring agents using a protocol for inter-vehicle
communication. Additionally or alternatively, the indication(s) of characteristics of the
environment across which the planning agent 100 is traveling may be transmitted by a

centralized server.

[0061] Although FIG. 1B depicts the control unit 102 as a monolithic unit, it will be
understood that the control unit 102 may be a distributed system comprising a plurality of
control units 102 that are integrated into different systems of the planning agent 100 and
connected to one another via at least one communications bus and/or another communications
channel. For example, in some implementations, the processing circuitry 210 may include a
first control unit that is integrated into the braking system 104, a second control unit that is
integrated into the steering system 106, and a third control unit that is integrated into the
acceleration system 108, for example. In this regard, in some implementations, the processing
circuitry 110 may include one or more of a processing circuitry that is part of a first one of

the sensors 130 (e.g., a LIDAR), a processing circuitry that is part of a second one of the
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sensors 130 (e.g., a RADAR), a processing circuitry that is part of a Bluetooth interface (or
another communications interface), efc. Stated succinctly, the present disclosure is not

limited to any specific implementation of the control unit 102.

[0062] According to the present example, the control unit 102 may store an occupancy score
assignment module 122. According to the present example, the occupancy score assignment
module 122 includes one or more processor executable instructions, which when executed by
the processing circuitry 110 causes the processing circuitry 110 to execute a model for
assigning risk-score coefficients. The executed model may be the same or similar to the
model described above. In some implementations, the model may be executed in accordance
with the process(es) as discussed further below with respect to FIGS. 2A-7. Although in the
present example the occupancy score assignment module 122 is implemented in software,
alternative implementations are possible in which the occupancy score assignment module
122 is implemented in hardware, or as a combination of hardware and software. In this regard,
it will be understood, that the present disclosure is not limited to any specific implementation

of the module 122.

[0063] FIG. 2 is a diagram illustrating the operation of the planning agent 100, according to
aspects of the disclosure. As illustrated, in the present example, the planning agent 100 is
traveling across a road 200. Present on the road 200 is a cluster of neighboring agents 220
that congest the road 200. The planning agent 100 is configured to bypass the cluster of
neighboring agents 220 by following a traveling path 230, as shown. To determine and follow
the traveling path 230, the planning agent may execute a control sequence that is
implemented, at least in part, by using the occupancy score assignment module 122. In some
implementations, the control sequence may include at least three stages. The first stage may
include calculating a plurality of pairwise sets of occupancy costs (e.g., see FIG. 3) for the
neighboring agents 220 that are situated within a planning horizon of the planning agent 100
(e.g., the neighboring agents 220A-D). The manner in which the planning horizon is
selected/established will be described below. The second stage may include consolidating
the pairwise occupancy costs to produce a combined set of occupancy costs (e.g., see FIGS.
4A-B). And the third stage may include determining a travel path for the planning agent 100
based on the combined set of occupancy costs (e.g., see FIGS. 5A-6B). Additionally or
alternatively, in some implementations, the control sequence may include at least two stages.
The first stage may include calculating a combined set of occupancy costs directly, without

calculating pairwise sets first (e.g., see FIGS. 4A-B). And the second stage may include
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determining a travel path for the planning agent 100 based on the combined set of occupancy

costs (e.g., see FIGS. 5A-6B).

[0064] The planning horizon 240 may include any portion of the environment across which
the planning agent 100 is traveling. In some implementations, the planning horizon 240 of
the planning agent 100 may include an area that extends a first pre-selected distance (e.g.,
10m) ahead of the planning agent 100, a second distance (e.g., 10m or 7m) behind the
planning agent 100, and a third distance (e.g., 10 m or 1 m) to the sides of the planning agent
100. Any of two of the first, second, and third distances may be the same or different. In
some implementations, the exact dimensions of the planning horizon 240 may depend on the

range of one or more sensor(s) 130 that are part of the planning agent 100.

[0065] Although in the present example, the neighboring agents 220 are road vehicles,
alternative implementations are possible in which the neighboring agents 220 include another
type of agent. In such instances, any of the neighboring agents may include a person (e.g., a
pedestrian), an animal (e.g., wildlife on the side of the road), and or any other moving object
in the vicinity of the planning agent 100. As another example, when the planning agent 100
is a wheelchair or another type of mobility aid device, one or more of the neighboring agents
220 may be people or pets located in the same room as the planning agent 100. Although in
the present example, the neighboring agents 220 move in parallel directions, it will be
understood that in some implementations, any two of the neighboring agents 220 may move

in directions that are opposite to one another or transverse.

[0066] FIGS. 3A-C illustrate an example of a process 300 for calculating or otherwise
determining or receiving a pairwise set 402A of occupancy costs for the neighboring agent
220A, according to aspects of the disclosure. As used throughout the disclosure, the term
“pairwise set of occupancy costs” refers to a set of occupancy costs that are calculated based
upon characteristics of only one of the neighboring agents 220 and/or the neighboring agent

220, without taking characteristics of other ones of the neighboring agents 220.

[0067] Each occupancy cost in the pairwise set 402A of occupancy costs may be associated
with a particular location in the planning horizon 240 of the planning agent 100, and it may
quantify a probability of the planning agent 100 colliding with the neighboring agent 220A if
the planning agent 100 were to move in that location. According to the example of FIG. 3,
the pairwise set 402A of occupancy costs is calculated with respect to the neighboring agent

220A. However, it will be understood that the respective set of pairwise occupancy costs for
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any of the remaining neighboring agents 220B-D can be calculated in the same or similar

manner.

[0068] At step 302, the planning agent 100 identifies a neighboring agent 220 that is located
in the vicinity of the planning agent 100. According to the present example, a neighboring
agent 100 is considered to be in the vicinity of the planning agent 100 when the planning
agent is situated within the planning horizon 240 of the planning agent. The neighboring
agents may be identified using RADAR, LIDAR, and/or any other suitable type of
technology. In the present example, the neighboring agent 220A is identified at step 302.

[0069] At step 304, the planning agent 100 identifies one or more characteristics the
neighboring agent 220A. For example, the identified characteristics may include one or more
of (i) the location of the neighboring agent 220A, speed of travel of the neighboring agent,
direction of travel of the neighboring agent 220A, acceleration of the neighboring agent 220A,
physical dimensions of the neighboring agent 220A (e.g., length, width, and height), type of
the neighboring agent 220A (e.g., SUV, car, truck, emergency vehicle, etc.), braking distance
of the neighboring agent 220A, efc. As noted above, the characteristics may be obtained by
the planning agent 100 by using the sensor(s) 130 and/or the radio 140.

[0070] At step 306, one or more characteristics are determined of the environment across
which the planning agent 100 is traveling. For example, the characteristics may include one
or more of: (i) type of surface on which the planning agent is traveling, (ii) slope of the surface
on which the traveling agent is traveling (e.g., is the planning agent traveling uphill, downhill,
or on an approximately level surface), (ii1) visibility in the environment in which the planning
agent is traveling, (iv) condition of the surface on which the planning agent is traveling (e.g.,
wet or dry), efc. As noted above, the characteristics may be obtained by the planning agent

100 by using the sensor(s) 130 and/or the radio 140.

[0071] At step 308, a plurality of locations is identified in the vicinity of the planning agent
100. According to the present example, identifying a plurality of locations in the vicinity of
the planning agent 100 includes identifying a set of locations Q, wherein each location q that
is part of the set Q is situated within the planning horizon 240 of the planning agent 100.
According to the present example, each location ¢ may be represented in terms that are
relative to the current position of the planning agent 100. In this regard, in some
implementations, each location q may be represented using a coordinate system in which the

planning agent 100 is at the origin. The locations q may be spaced at any suitable pitch. For
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example, in some implementations, the locations q may be 0.15 m apart, 0.3 m apart, Im

apart, efc.

[0072] At step 310, the pairwise set 402A of occupancy costs for the neighboring agent 220A
is calculated by the planning agent 100. Each of the coefficients in the pairwise set 402 of
locations is associated with a different location q in the set Q, and it represents the likelihood
of the planning agent 100 of colliding with the neighboring agent 220A if the planning agent
100 were to move in the location q. Each coefficient in the set of pairwise occupancy costs
may be calculated using Equation 20 below:

_ exp(=(g—x)TQa-xp)
- 1+exp(—axT (q—x;))

(Eq. 13)

. 1 1
0= dlag{a—?%,a—ﬁ}. (Eq. 14)

[0073] where H is AN occupancy cost, g is the location on the road 200 for which the
occupancy cost is calculated, o is a standard deviation, x is the location of the neighboring
agent 220A, x; is the velocity vector of the neighboring agent 220A, and « is a rate of change
of a cost function that is constituted by the denominator of Eq. 13. In some implementations,
the value of o may be selected based on an uncertainty measurement of the planning agent.
For example, in some implementations, the value of o may be selected to account for any
uncertainty that is present in sensor readings used by the planning agent 100 to measure the
speed and location of the neighboring agent 220A. Additionally or alternatively, in some
implementations, the value of ¢ may be selected based on the one or more physical
dimensions of the neighboring agent 220A (e.g., the width of the neighboring agent 220A,
the height of the neighboring agent 220A, and the length of the neighboring agent 220A). In
some implementations, the rate of change a may be based on one or more characteristics of
the neighboring agent 220A or the environment across which the planning agent 100 is
traveling, which impact the minimum safe distance at which the planning agent 100 can travel
behind the neighboring agent 220A. Such characteristics may include the speed of the
neighboring agent 220A, the type of the neighboring agent (e.g., an SUV, a sedan, a pickup
truck, a freight truck, erc.), the braking distance of the planning agent 100, the slope of the
road 200, and/or the condition of the road (e.g., dry, wet, frozen, etc.).

[0074] According to the present example, the numerator of Equation 20 [i.e., exp(—(q —
x)T0(q — x))] is a Gaussian peak function. The Gaussian peak function represents an

estimate of the current position of the neighboring agent 220A. Applying the Gaussian peak
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function alone would result in a set of occupancy costs being produced that has a Gaussian

distribution that is symmetrical with respect to the neighboring agent 220A.

[0075] According to the present example, the denominator of Equation 2 [ie., 1+
exp(—ax! (g — x;))] is a cost function (e.g., a logistic function). The cost function skews
the distribution that would be otherwise produced by the Gaussian peak function in the
direction of the velocity of the neighboring agent 220A. In some aspects, applying the cost
function, causes values calculated by the Gaussian distribution function, for locations behind
and on the sides of the vehicle, to be reduced to arrive at occupancy costs for those locations.
Furthermore, applying the logistics function, causes values calculated by the Gaussian
distribution function, for locations ahead of the vehicle, to be increased to arrive at occupancy
costs for those locations. In other words, applying the logistic function causes the pairwise

occupancy cost set to assume the “elongated shape,” which is seen in FIG. 3.

[0076] FIGA. 4A-B illustrate an example of a process 400 for calculating a combined set 404
of occupancy costs. In some implementations, the term “combined set of occupancy costs™
may refer to a set of occupancy costs that are calculated based on characteristics of all
neighboring agents within the planning horizon 240 of the planning agent 100. Each
occupancy cost in the combined set 404 may be associated with a particular location in the
planning horizon 240 of the planning agent 100, and it may quantify a probability of the
planning agent 100 colliding with any of the neighboring agent in the planning horizon 240

if the planning agent 100 were to move in that location.

[0077] At step 410, the planning agent 100 detects a plurality of neighboring agents 220 that
are located in the vicinity of the planning agent 100. According to the present example, a
neighboring agent is considered to be in the vicinity of the planning agent 100 when the
neighboring agent is located within the planning horizon 240 of the planning agent 100.
According to the present example, the neighboring agents 220A-D are identified as a result

of executing step 410.

[0078] At step 420, the planning agent 100 calculates a different pairwise set 402 of
occupancy costs for each of the neighboring agents 220. More particularly, at step 420 the
planning agent 100 calculates the pairwise set 402A of occupancy costs for the neighboring
agent 220A; a pairwise set 402B of occupancy costs for the neighboring agent 220B; a
pairwise set 402C of occupancy costs for the neighboring agent 220C; and a pairwise set

402D of occupancy costs for the neighboring agent 220D. Each of the pairwise sets 402 of
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occupancy costs may be calculated in accordance with the process 300, which is discussed
above with respect to FIGS. 3A-C. Each of the coefficients in any given one of the pairwise
sets 402 may be associated with a different respective location q in the set of locations Q. In
some respects, any of the coefficients in each of the pairwise sets 402 of occupancy costs may
represent the likelihood of the planning agent colliding with the set’s 402 respective
neighboring agent 220, if the planning agent 100 were to move in the coefficient’s respective

location q.

[0079] At step 430, the pairwise sets 402 of occupancy costs are combined to produce a
combined set 404 of occupancy costs. Combining the sets 402 may include identifying, for
each of the locations q in the set Q, the largest occupancy cost that is part of any of the
pairwise sets 402, and including the largest occupancy cost in the combined set 404. For
example, if the pairwise sets 402A-D include coefficients 0.3, 0.4, 0.6, and 0.7, respectively,
for location q) in the set of locations Q, the coefficient having a value of 0.7 may be assigned
to location @i in the combined set 404 of the occupancy costs. As another example, if the
pairwise sets 402A-D include coefficients 0.2, 0.8, 0.1, and 0.7, respectively, for location q2
in the set of locations Q, the coefficient having a value of 0.8 may be assigned to location q»
in the combined set 404 of occupancy costs. In some implementations, the combined set of
occupancy costs may be calculated by taking the union of the pairwise sets 402 of occupancy

costs in accordance with Equation 9 above.

[0080] At step 440, an occupancy cost threshold is identified. In some implementations, the
occupancy cost threshold may be greater than or equal to the threshold Hc, which is discussed
with respect to Theorem 1. In some respects, the threshold Hc may represent an occupancy
cost value at which collision between the planning agent 100 and another agent is considered
very likely to occur if the planning agent 100 were to move into a position (e.g., a vacant
region or a location) associated with the occupancy cost. In some implementations, the
occupancy cost threshold may be greater than or equal to the threshold A7, which is discussed
with respect to Lemma 2. In some respects, the threshold Hr may represent a minimum
occupancy cost value for which it is considered safe for the planning agent 100 to move into
a position (e.g., a vacant region or a location) associated with the occupancy cost. Although
in the present example, the thresholds Hr and Hc are provided as examples of occupancy cost
thresholds, it will be understood that the present disclosure is not limited to any specific
method for determining the occupancy cost threshold, as the value of the occupancy cost

threshold may vary in accordance with the application served by the planning agent. For
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example in some implementations, the risk cost threshold may be determined based on the
braking distance of one or more of the neighboring agents 220 or characteristics that affect
(or can otherwise serve as a proxy of) the braking distance of one or more of the neighboring
agents 220, such as: (i) the weight of any of the neighboring agents, (i1) the speed of any of
the neighboring agents (iii), (iv) the slope of the road 200, the type of surface of the road 200,
(v) the condition of the road surface (e.g., wet, dry, efc.). As noted above, such metrics may

be obtained by the planning agent 100 by using the sensor(s) 130 and/or the radio 140.

[0081] At step 450, occupancy costs in the combined set 404 that exceed the occupancy cost

threshold are removed from the combined set 404, and the process 400 is terminated.

[0082] In the example of FIGS. 4A-B, the combined set 404 of occupancy costs is calculated
by performing steps 410-430. However, in some implementations, steps 410-430 may be
omitted and replaced with a single step in which the combined set 404 is calculated directly,
without calculating pairwise sets 402 beforehand. Using this approach may be advantageous
in situations in which calculating pairwise sets of risk cost coefficients is not practical due to
a large number of neighboring agents being present within the planning horizon 240. In such
implementations, the combined set 404 of occupancy costs may be calculated using

previously-discussed Equations 2 and 14:

n  exp(-(@-x)"Qa-xp)
=1 qtexp(-ax! (g-xp))

H(q,x,x) = (Eq. 2)

. 1 1
0= dlag{a—)%,a?}. (Eq. 14)

, where n is the total number of neighboring agents identified at step 410, o is a standard
deviation, and X; is the velocity vector of neighboring agent 1, x; is the location of neighboring
agent i, and a is a rate of change of a cost function that is constituted by the denominator of
Eq. 2. In some implementations, the location x; may be calculated in relation to the planning
agent 100 (e.g., by using a coordinate system having the planning agent 100 at its origin). In
some implementations, the value of ¢ may be selected based on an uncertainty measurement
of the planning agent. For example, in some implementations, the value of ¢ may be selected
to account for any uncertainty that is present in sensor readings used by the planning agent
100 to measure the speed and location of the neighboring agent 220A. Additionally or
alternatively, in some implementations, the value of o may be selected based on the one or

more physical dimensions of one or more the neighboring agents.
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[0083] In some implementations, the rate of change a@ may be based on one or more
characteristics of the neighboring agents 220 or the environment across which the planning
agent 100 is traveling, which impact the minimum safe distance at which the planning agent
100 can travel behind the neighboring agent 220. Such characteristics may include the speed
of one or more of the neighboring agents 220, the type of one or more of the neighboring
agents 200 (e.g., an SUV, a sedan, a pickup truck, a freight truck, efc.), the braking distance
of the planning agent 100, the slope of the road 200, and/or the condition of the road (e.g.,
dry, wet, frozen, efc.). As illustrated, Equation 2 is essentially a summation of Equation 13.
In this regard, as noted above, the numerator of Equation 2 [i.e., exp(—(q — x)TQ(q — x))]
is a Gaussian peak function and the denominator of Equation 2 [i.e., 1 + exp(—ax! (q —
x;))] is a cost function (e.g., a logistic function), which skews the distribution that would be
otherwise produced by the Gaussian peak function in the direction of velocity of individual

neighboring agents, as shown in FIG. 4A.

[0084] In the example of FIGS. 4A-B, the combined set 404 is modified at steps 440-450 to
exclude occupancy costs that are above an occupancy cost threshold. However, alternative
implementations are possible in which steps 440-450 are omitted. In such instances, the
occupancy cost threshold and how the values of individual occupancy costs compare to the
occupancy cost threshold may be taken into consideration during the planning stages of the

control sequence of the planning agent 100.

[0085] FIGS. 5A-B show an example of a process 500 for changing the speed and/or direction
of a planning agent based on a combined set of occupancy costs, according to aspects of the

disclosure.

[0086] At step 510, a combined set of occupancy costs is calculated for a plurality of
neighboring agents in the vicinity of the planning agent 100. In some implementations, the
combined set of occupancy costs may be calculated based on a plurality of pairwise sets of
risk cost coefficients, as discussed above with respect to FIGS. 4A-B. Additionally or
alternatively, in some implementations, the combined set of risk cost coefficients may be
calculated directly, as discussed above with respect to Equation 2. According to the present
example, the combined set 404 of occupancy costs for the neighboring agents 220 is

calculated as a result of executing step 510.

[0087] At step 520, a plurality of vacant regions 502 in the vicinity of the planning agent 100

is identified. According to the present example, each of the plurality of vacant regions 502 is
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located within the planning horizon 240 of the planning agent 100. Each of the vacant regions
502 may be a portion of the road 200 that is large enough to receive the planning agent 100,
should the planning agent 100 decide to move in it. As such, each of the vacant regions 502
may have a width that is greater than or equal to the width of the planning agent 100, and a
length that is greater than or equal to the length of the planning agent 100. In some
implementations, the vacant regions 502 may be defined in terms that are relative to the
position of the planning agent 100 (e.g., by using a coordinate system in which the current

position of the planning agent 100 is at the origin).

[0088] At step 530, each of the vacant regions 502 is assigned a respective occupancy score
based on the combined set 404 of occupancy costs. The respective occupancy score of any
one of the given vacant regions 502 may be based on one or more occupancy costs from the
set 404 that are associated with locations q” from the set Q, wherein each of the locations q

is situated within the given vacant region.

[0089] In some implementations, the set of risk cost coefficients may be generated such that
only one respective occupancy cost is present for the location(s) in each of the vacant regions
502. In such instances, the respective occupancy score for each of the regions may be the

same as the vacant regions corresponding occupancy cost.

[0090] In some implementations, the set of risk cost coefficients may be generated such that
multiple occupancy costs are present for the location(s) in each of the vacant regions. In such
implementations, assigning respective occupancy scores to the plurality of vacant regions 502
may include down-sampling the combined set 404 of occupancy costs to a resolution that
matches the density and distribution of the vacant regions 502 within the planning horizon
240. By way of example, assigning a respective occupancy score to any of the vacant regions
502 may include: (i) identifying a plurality of locations within the vacant regions, (ii)
identifying occupancy costs in the set 404 that are associated with the identified locations,
and (ii1) determining the value of the occupancy score based on the identified occupancy
costs. In some implementations, determining the value of the occupancy score of the vacant
regions 502 may include causing the occupancy score to be equal to the greatest occupancy
cost among the identified occupancy costs. In some implementations, determining the value
of the occupancy score of the vacant regions 502 may include causing the occupancy score
to be equal to the average of the identified occupancy costs. Stated succinctly, the present

disclosure is not limited to any specific method for assigning occupancy scores to the plurality
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of vacant regions 502 based on the combined set 404 of occupancy costs.

[0091] At step 540, the planning agent 100 selects one of the vacant regions 502 based on
that region’s respective occupancy score. According to the present example, the selected
vacant region is one that is: (i) directly adjacent to the planning agent 100, (ii) has the lowest
occupancy score among all vacant regions that are directly adjacent to the planning agent 100,
and (iii) has an occupancy score that is below an occupancy cost threshold, such as the
occupancy cost threshold discussed with respect to step 440 of the process 400. In some
implementations, a given vacant region that is directly adjacent to the planning agent 100 may
be one that is positioned next to the planning agent 100 such that there are no other vacant
regions situated between the given vacant region and the planning agent 100. In the example
of FIGS. 5A-B, the vacant regions 502a, 502b, and 502h are directly adjacent to the planning
agent 100.

[0092] Although in the present example, the selected vacant region is directly adjacent to the
planning agent 100, alternative implementations are possible in which the selected vacant
region is not directly adjacent. Stated succinctly, the present disclosure is not limited to any
specific method for selecting a vacant region based on one or more occupancy scores and/or
the combined set 404 of occupancy costs. According to the present example, the vacant

region 502B is selected as a result of executing step 540.

[0093] At step 550, the planning agent 100 is moved into the selected vacant region. Moving
the planning agent 100 into the selected vacant region may include at least one of accelerating
the planning agent 100 or changing the direction of travel of the planning agent. According
to the present example, moving the planning agent 100 into the vacant region 502B includes
both accelerating the planning agent 100 and changing the direction of travel of the planning

agent 100.

[0094] At step 560, a determination is made whether to obtain a new combined set of
occupancy costs. In some implementations, making the determination may include detecting
whether a timer has expired and/or detecting whether a predetermined event has been
generated in the control unit of the planning agent 100. If it is determined to obtain a new
combined set of occupancy costs, the process 500 returns to step 510. Otherwise, if it is
determined not to obtain a new combined set of reduced cost coefficients, the process 500

returns to step 540.

[0095] FIGS. 6A-B show an example of a process 500 for changing the speed and/or direction
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of a planning agent based on a combined set of occupancy costs, according to aspects of the

disclosure.

[0096] At step 610, a combined set of occupancy costs is calculated for a plurality of
neighboring agents in the vicinity of the planning agent 100. In some implementations, the
combined set of occupancy costs may be calculated based on a plurality of pairwise sets of
risk cost coefficients, as discussed above with respect to FIGS. 4A-B. Additionally or
alternatively, in some implementations, the combined set of risk cost coefficients may be
calculated directly, as discussed above with respect to Equation 2. According to the present
example, the combined set 404 of occupancy costs for the neighboring agents 220 is

calculated as a result of executing step 610.

[0097] At step 620, the planning agent 100 generates a graph 602 based on the combined set
404 of occupancy costs. Generating the combined set 404 of occupancy costs may include
placing a plurality of graph nodes inside the planning horizon 240 at distance D (e.g., 6 m)

from one another, and connecting the nodes with edges.

[0098] In some implementations, each of the nodes in the graph 602 may be associated with
one or more locations q within the planning horizon 240. Furthermore, in some
implementations, one of the nodes in the graph 602 may be associated with a location in the
planning horizon that is currently occupied by the planning agent 100. Additionally or
alternatively, in some implementations, one or more of the nodes in the graph 602 may be
associated with locations within the planning horizon 240 that are occupied by the
neighboring agents 220. Such nodes are herein referred to as “occupied nodes.” Additionally
or alternatively, one or more of the nodes in the graph 602 may be associated with locations
in the planning horizon 240 that are unoccupied. Such nodes are herein referred to as “vacant

nodes.”

[0099] In some implementations, each of the vacant nodes in the graph 602 may be associated
with one or more locations  that are associated with occupancy costs from the set 404. In
this regard, each of the nodes in the graph 602 may be assigned a respective occupancy score.
In some implementations, the occupancy score that is assigned to any given one of the nodes
may be based on an occupancy cost from the set 404 that corresponds to a location that is
associated with the given node. Additionally or alternatively, the occupancy score of any
given node in the graph 602 may be based on multiple locations that are associated with the

given node.
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[00100] Additionally or alternatively, in some implementations, each node of the graph
602 may correspond to either a vacant region in the road 200 or an occupied region. As the
name suggests, an “occupied region” may refer to a region in the road 200 in which one of
the neighboring agents is currently situated. In this regard, in some implementations, the
assignment of occupancy scores to nodes in the graph 602 may be performed in the same or
similar manner as the assignment to different vacant regions, as discussed with respect to the

process 500 of FIGS. 5A-B.

[0101] Additionally or alternatively, in some implementations, the combined set 404 of risk
cost coefficients may be generated such that only one respective occupancy cost is present
for the location(s) associated with each of the nodes in the graph 602. In such instances, the
occupancy score for each of the graph nodes may be the same as the occupancy cost in the
set 404 that is associated with the node’s respective locations. In some implementations, the
set of risk cost coefficients may be generated such that multiple occupancy costs are present
for the location(s) associated with each of the nodes in the graph 602. In such
implementations, assigning respective occupancy scores to the plurality of vacant regions 502
may include down-sampling the combined set 404 of occupancy costs to a resolution that
matches the density and distribution of the nodes (in the graph 602) within the planning
horizon 240.

[0102] The edges in the graph 602 may be classified as other straight traveling edges and lane
change edges. Straight traveling edges may include edges that start and end in the same lane
of the road 200. Lane change edges may be edges that start in one lane and end in another.
The edges in the graph 602 may be assigned respective weights based on their classification.
For example, straight traveling edges may be assigned a weight B, where B is a predetermined
number. Occupied lane change edges, which: (i) start at the node corresponding to the current
location of the planning agent 100, and (ii) end at another node in the graph 602 (hereinafter
“destination node™) may be assigned a weight that is equal to (or otherwise based on) the
occupancy score of the destination node. And unoccupied lane change edges, which start at
any node in the graph 602 other than the node corresponding to the current location of the
planning agent 100, may be assigned a weight C, where C>D, to ensure that straight traveling
edges would be preferred over unoccupied lane change edges for the purposes of planning a

travel path.

[0103] At step 630, the planning agent 100 calculates a travel path 604 for the planning agent
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based on the graph. The travel path may be calculated using Dijkstra’s shortest path algorithm
and/or any other suitable type of algorithm. The travel path may include a plurality of edges
of the graph 602. In some implementations, the travel path may be selected such that no edge
in the travel path includes a weight that is greater than an occupancy cost threshold. In some
implementations, the occupancy cost threshold may be the same or similar to the occupancy
cost threshold discussed with respect to step 440 of the process 400. In some
implementations, the occupancy cost threshold may be the same or similar to one of the

thresholds Ht, Hc, and Hr, which are discussed above.

[0104] At step 640, the planning agent 100 is moved along a portion of the travel path 604.
Moving the planning agent 100 along a portion of the travel path 604 may include changing
at least one of the speed or direction of travel of the planning agent 100 to cause to planning
agent to travel in a trajectory that is defined by one or more of the edges in the travel path

604.

[0105] At step 650, a determination is made whether to obtain a new combined set of
occupancy costs. In some implementations, making the determination may include detecting
whether a timer has expired and/or detecting whether a predetermined event has been
generated in the control unit of the planning agent 100. If it is determined to obtain a new
combined set of occupancy costs, the process 600 returns to step 610. Otherwise, if it is
determined not to obtain a new combined set of reduced cost coefficients, the process 600

returns to step 640.

[0106] The process described with respect to FIGS. 1-6B are provided as an example. At
least some of the steps in these processes may be performed in a different order or
altogether omitted. Although in the present example, the processes described with respect
to FIGS. 2-6B are performed (at least in part) by the processing circuitry 110 of the control
unit 102, in some implementations the one or more of the steps in the processes may be
performed by another device. Although in the examples provided throughout the
disclosure, certain assumptions are provided for the purposes of mathematical proof, it will
be understood that the present disclosure is in no way limited to any of these assumptions.
Those of ordinary skill in the art will readily appreciate the that those assumptions can be
readily substituted with various heuristics or algorithms that are based on sensor

measurements and/or other information obtained by the planning agent 100.

[0107] Reference herein to “one embodiment™ or “an embodiment™ means that a particular
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feature, structure, or characteristic described in connection with the embodiment can be
included in at least one embodiment of the claimed subject matter. The appearances of the
phrase "in one embodiment" in various places in the specification are not necessarily all
referring to the same embodiment, nor are separate or alternative embodiments necessarily

mutually exclusive of other embodiments. The same applies to the term “implementation.”

[0108] As used in this application, the word “exemplary” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other aspects or
designs. Rather, use of the word exemplary is intended to present concepts in a concrete

fashion.

[0109] Additionally, the term “or” is intended to mean an inclusive “or” rather than an
exclusive “or”. That is, unless specified otherwise, or clear from context, “X employs A or
B” is intended to mean any of the natural inclusive permutations. That is, if X employs A;
X employs B; or X employs both A and B, then “X employs A or B” is satisfied under any
of the foregoing instances. In addition, the articles “a” and “an” as used in this application
and the appended claims should generally be construed to mean “one or more” unless

specified otherwise or clear from context to be directed to a singular form.

[0110] To the extent directional terms are used in the specification and claims (e.g., upper,
lower, parallel, perpendicular, etc.), these terms are merely intended to assist in describing
and claiming the invention and are not intended to limit the claims in any way. Such terms,
do not require exactness (e.g., exact perpendicularity or exact parallelism, etc.), but instead
it is intended that normal tolerances and ranges apply. Similarly, unless explicitly stated
otherwise, each numerical value and range should be interpreted as being approximate as if
the word “about”, “substantially” or “approximately” preceded the value of the value or

range.

2% << 2% ¢ PN R4S

[0111] Moreover, the terms “system,” “component,” “module,” “interface,”, “model” or the
like are generally intended to refer to a computer-related entity, either hardware, a
combination of hardware and software, software, or software in execution. For example, a
component may be, but is not limited to being, a process running on a processor, a
processor, an object, an executable, a thread of execution, a program, and/or a computer.

By way of illustration, both an application running on a controller and the controller can be

a component. One or more components may reside within a process and/or thread of
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execution and a component may be localized on one computer and/or distributed between

two or more computers.

[0112] Although the subject matter described herein may be described in the context of
illustrative implementations to process one or more computing application
features/operations for a computing application having user-interactive components the
subject matter is not limited to these particular embodiments. Rather, the techniques
described herein can be applied to any suitable type of user-interactive component

execution management methods, systems, platforms, and/or apparatus.

[0113] While the exemplary embodiments have been described with respect to processes of
circuits, including possible implementation as a single integrated circuit, a multi-chip
module, a single card, or a multi-card circuit pack, the described embodiments are not so
limited. As would be apparent to one skilled in the art, various functions of circuit elements
may also be implemented as processing blocks in a software program. Such software may
be employed in, for example, a digital signal processor, micro-controller, or general-purpose

computer.

[0114] Some embodiments might be implemented in the form of methods and apparatuses
for practicing those methods. Described embodiments might also be implemented in the
form of program code embodied in tangible media, such as magnetic recording media,
optical recording media, solid state memory, floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium, wherein, when the program code is loaded
into and executed by a machine, such as a computer, the machine becomes an apparatus for
practicing the claimed invention. Described embodiments might also be implemented in the
form of program code, for example, whether stored in a storage medium, loaded into and/or
executed by a machine, or transmitted over some transmission medium or carrier, such as
over electrical wiring or cabling, through fiber optics, or via electromagnetic radiation,
wherein, when the program code is loaded into and executed by a machine, such as a
computer, the machine becomes an apparatus for practicing the claimed invention. When
implemented on a general-purpose processor, the program code segments combine with the
processor to provide a unique device that operates analogously to specific logic circuits.
Described embodiments might also be implemented in the form of a bitstream or other
sequence of signal values electrically or optically transmitted through a medium, stored

magnetic-field variations in a magnetic recording medium, etc., generated using a method

30



WO 2019/222182 PCT/US2019/032177

and/or an apparatus of the claimed invention.

[0115] Tt should be understood that the steps of the exemplary methods set forth herein are
not necessarily required to be performed in the order described, and the order of the steps of
such methods should be understood to be merely exemplary. Likewise, additional steps
may be included in such methods, and certain steps may be omitted or combined, in

methods consistent with various embodiments.

2% << 2% <<

[0116] Also, for purposes of this description, the terms “couple,” “coupling,” “coupled,”

2% <<

“connect,” “connecting,” or “connected” refer to any manner known in the art or later
developed in which energy is allowed to be transferred between two or more elements, and
the interposition of one or more additional elements is contemplated, although not required.
Conversely, the terms “directly coupled,” “directly connected,” etc., imply the absence of

such additional elements.

[0117] As used herein in reference to an element and a standard, the term “compatible”
means that the element communicates with other elements in a manner wholly or partially
specified by the standard, and would be recognized by other elements as sufficiently
capable of communicating with the other elements in the manner specified by the standard.
The compatible element does not need to operate internally in a manner specified by the

standard.

[0118] Tt will be further understood that various changes in the details, materials, and
arrangements of the parts which have been described and illustrated in order to explain the
nature of the claimed invention might be made by those skilled in the art without departing

from the scope of the following claims.
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CLAIMS

We claim:

1. A method for use in a planning agent, the method comprising:

identifying a first agent in a vicinity of the planning agent;

identifying a location of the first agent and a velocity of the first agent;

calculating a set of occupancy costs for the first agent, each occupancy cost in the
set of occupancy costs being associated with a different respective location in the vicinity of
the planning agent, each occupancy cost in the set of occupancy costs being calculated at
least in part based on a cost function that depends on the location of the first agent and the
velocity of the first agent; and

changing at least one of speed or direction of travel of the planning agent based on

the set of occupancy costs.

2. The method of claim 1, wherein each occupancy cost in the set of occupancy
costs is calculated further based on a Gaussian peak function having a deviation that is

based on one or more physical dimensions of the first agent.

3. The method of claim 1, wherein:

the planning agent includes a first automobile that is traveling in a portion of a road,

the first agent includes a second automobile that is traveling in the portion of the
road, and

each occupancy cost is associated with a different location in the portion of the road.

4. The method of claim 1, further comprising:

generating a graph based at least in part on the set of occupancy costs, the graph
including a plurality of nodes and a plurality of edges, each one of the plurality of edges
connecting a different pair of the plurality of nodes, each of the plurality of edges being
associated with a respective weight;

calculating a travel path for the planning agent based on the graph, the travel path
starting at a current location of the planning agent and ending at a second location in the
vicinity of the planning agent, the travel path being calculated based on the respective

weights that are assigned to the plurality of edges;
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wherein the speed or direction of travel of the planning agent is changed at least in
part based on the travel path, and
wherein the respective weight of at least one of the plurality of edges is based on one

or more occupancy costs that are part of the set of occupancy costs.

5. The method of claim 1, further comprising:

identifying a plurality of vacant regions in the vicinity of the planning agent, each
vacant region having an area that is sufficient to receive the planning agent;

assigning a plurality of occupancy scores to the plurality of vacant regions based on
the set of occupancy costs, each one of the plurality of occupancy scores being assigned to a
different one of the plurality of vacant regions; and

selecting one of the plurality of vacant regions based on one or more of the plurality
of occupancy scores,

wherein changing the speed or direction of travel of the planning agent includes

moving the planning agent into the selected vacant region.

6. The method of claim 5, wherein each vacant region is assigned a respective
occupancy score based on whether the vacant region is located in a path of travel of the

planning agent before the speed or direction of the planning agent is changed.

7. The method of claim 1, further comprising:

detecting a characteristic of the first agent that is associated with a braking distance
of the first agent; and

calculating an occupancy cost threshold that is based at least in part on the
characteristic,

wherein the speed or direction of travel of the planning agent is changed further

based on the occupancy cost threshold.

8. The method of claim 1, further comprising:

identifying a second agent in the vicinity of the planning agent; and
identifying a location of the second agent and a velocity of the second agent,
wherein the set of occupancy costs includes a combined set of occupancy cost

coeffects that is also associated with the second agent, and
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wherein the cost function is further based on the location of the second agent and the

velocity of the second agent.

9. An apparatus comprising;

one or more Sensors;

an acceleration system;

a steering system; and

a processing circuitry operatively coupled to the acceleration system, and the
steering system, the processing circuitry being configured to:

identify a first agent in a vicinity of the apparatus;

identify a location of the first agent and a velocity of the first agent;

calculate a set of occupancy costs for the first agent, each occupancy cost in the set
of occupancy costs being associated with a different respective location in the vicinity of the
apparatus, each occupancy cost in the set of occupancy costs being calculated at least in part
based on a cost function that depends on the location of the first agent and the velocity of
the first agent; and

change at least one of speed or direction of travel of the apparatus based on the set of

occupancy costs.

10. The apparatus of claim 9, wherein each occupancy cost in the set of occupancy
costs is calculated further based on a Gaussian peak function having a deviation that is

based on one or more physical dimensions of the first agent.

11. The apparatus of claim 9, wherein:

the apparatus includes a first automobile that is traveling in a portion of a road,

the first agent includes a second automobile that is traveling in the portion of the
road, and

each occupancy cost is associated with a different location in the portion of the road.

12. The apparatus of claim 9, further comprising:

generating a graph based at least in part on the set of occupancy costs, the graph
including a plurality of nodes and a plurality of edges, each one of the plurality of edges
connecting a different pair of the plurality of nodes, each of the plurality of edges being

associated with a respective weight;
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calculating a travel path for the apparatus based on the graph, the travel path starting
at a current location of the apparatus and ending at a second location in the vicinity of the
apparatus, the travel path being calculated based on the respective weights that are assigned
to the plurality of edges;

wherein the speed or direction of travel of the apparatus is changed at least in part
based on the travel path, and

wherein the respective weight of at least one of the plurality of edges is based on one

or more occupancy costs that are part of the set of occupancy costs.

13. The apparatus of claim 9, wherein the processing circuitry is further configured
to:

identify a plurality of vacant regions in the vicinity of the apparatus, each vacant
region having an area that is sufficient to receive the apparatus;

assign a plurality of occupancy scores to the plurality of vacant regions based on the
set of occupancy costs, each one of the plurality of occupancy scores being assigned to a
different one of the plurality of vacant regions; and

select one of the plurality of vacant regions based on one or more of the plurality of
occupancy scores,

wherein changing the speed or direction of travel of the apparatus includes moving

the apparatus into the selected vacant region.

14. The apparatus of claim 13, wherein each vacant region is assigned a respective
occupancy score based on whether the vacant region is located in a path of travel of the

apparatus before the speed or direction of the apparatus is changed.

15. The apparatus of claim 9, further comprising:

detecting a characteristic of the first agent that is associated with a braking distance
of the first agent; and

calculating an occupancy cost threshold that is based at least in part on the
characteristic,

wherein the speed or direction of travel of the apparatus is changed further based on

the occupancy cost threshold.
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16. The apparatus of claim 9, wherein:

the processing circuitry is further configured to: identify a second agent in the
vicinity of the apparatus, and identify a location of the second agent and a velocity of the
second agent;

the set of occupancy costs includes a combined set of occupancy cost coeffects that
is also associated with the second agent; and

the cost function is further based on the location of the second agent and the velocity
of the second agent.

17. A non-transitory computer-readable medium storing one or more processor-
executable instructions which when executed by a processing circuitry of a planning agent
cause the processing circuitry to perform the operations of:

identifying a first agent in a vicinity of the planning agent;

identifying a location of the first agent and a velocity of the first agent;

calculating a set of occupancy costs for the first agent, each occupancy cost in the
set of occupancy costs being associated with a different respective location in the vicinity of
the planning agent, each occupancy cost in the set of occupancy costs being calculated at
least in part based on a cost function that depends on the location of the first agent and the
velocity of the first agent; and

changing at least one of speed or direction of travel of the planning agent based on

the set of occupancy costs.

18. The non-transitory computer-readable medium of claim 17, wherein each
occupancy cost in the set of occupancy costs is calculated further based on a Gaussian peak

function having a deviation that is based on one or more physical dimensions of the first

agent.
19. The non-transitory computer-readable medium of claim 17, wherein:
the planning agent includes a first automobile that is traveling in a portion of a road,
the first agent includes a second automobile that is traveling in the portion of the
road, and

each occupancy cost is associated with a different location in the portion of the road.
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20. The non-transitory computer-readable medium of claim 17, wherein the one or
more processor-executable instructions which when executed by the processing circuitry
further cause the processing circuitry to perform the operations of:

generating a graph based at least in part on the set of occupancy costs, the graph
including a plurality of nodes and a plurality of edges, each one of the plurality of edges
connecting a different pair of the plurality of nodes, each of the plurality of edges being
associated with a respective weight; and

calculating a travel path for the planning agent based on the graph, the travel path
starting at a current location of the planning agent and ending at a second location in the
vicinity of the planning agent, the travel path being calculated based on the respective
weights that are assigned to the plurality of edges,

wherein the speed or direction of travel of the planning agent is changed at least in
part based on the travel path, and

wherein the respective weight of at least one of the plurality of edges is based on one

or more occupancy costs that are part of the set of occupancy costs.
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