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Abstract

Reinforcement learning (RL) holds promise for the next generation of autonomous
vehicles, but it lacks formal robustness guarantees against adversarial attacks in
the observation space for safety-critical tasks. In particular, for obstacle avoid-
ance tasks, attacks on the observation space can significantly alter vehicle behavior,
as demonstrated in this paper. Traditional approaches to enhance the robustness
of RL-based control policies, such as training under adversarial conditions or em-
ploying worst-case scenario planning, are limited by their policy’s parameterization
and cannot address the challenges posed by topological obstructions in the pres-
ence of noise. We introduce a new hybrid RL algorithm featuring hysteresis-based
switching to guarantee robustness against these attacks for vehicles operating in en-
vironments with multiple obstacles. This hysteresis-based RL algorithm for coping
with multiple obstacles, referred to as MultiHyRL, addresses the 2D bird’s-eye view
obstacle avoidance problem, featuring a complex observation space that combines
local (images) and global (vectors) observations. Numerical results highlight its
robustness to adversarial attacks in various challenging obstacle avoidance settings
where Proximal Policy Optimization (PPO), a traditional RL method, fails.

1 Introduction

To develop the next generation of autonomous vehicles that can robustly and safely navigate the
physical world, reinforcement learning (RL) has shown a lot of promise (Everett et al., 2018; Cimurs
et al., 2020; Choi et al., 2021; Feng et al., 2021; Késtner et al., 2021). In Everett et al. (2018); Cimurs
et al. (2020); Choi et al. (2021), methodologies for obstacle avoidance are developed that leverage RL
and are effective in environments with dynamic obstacles, such as pedestrians. In Feng et al. (2021);
Kaéstner et al. (2021), methodologies are developed for applying RL in challenging environments, such
as narrow corridors or highly dynamic environments. One of the main challenges of applying RL
safely for safety-critical tasks, such as obstacle avoidance, is the lack of formal robustness guarantees
against adversarial attacks.

Adversarial attacks can occur in various forms. Simply stated, attacks can target the state space,
such as a change in dynamics like a propeller chipping of a quadrotor, or the observation space,
such as a perturbation on the camera image. In this paper, the focus is on robustness against
adversarial attacks on the observation space. Specifically, we consider adversarial attacks on vehicle
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Figure 1: Overview of the bird’s-eye view obstacle avoidance setting. The orange arrow depicts the
vehicle, the yellow square depicts the bird’s-eye view image, the gray circle depicts the obstacle, and
the cross depicts the target. The blue and green arrows represent trajectories from the RL policy
when the vehicle is above or below the red dashed decision boundary. The red arrow shows the
trajectory with small measurement noise. The purple arrow indicates the vehicle’s orientation &.
The black arrows represent the position and orientation errors e; and ey with respect to the target.

problems operating in environments with obstacles. An obstacle introduces a topological obstruction
by dividing the navigable space, requiring vehicles to pass the obstacle clockwise or counterclockwise.
Employing a discontinuous control strategy allows the vehicle to be directed around the obstacle to
its target. However, (arbitrarily) small measurement noise can undermine the global attractiveness
of such a discontinuous controller, making the controller lack robustness against (arbitrarily) small
measurement noise, see Prieur et al. (2007); Mayhew et al. (2011). To illustrate these robustness
issues, consider the problem of steering a vehicle to move past an obstacle so as to reach a target.
After successfully training the control algorithm onboard the vehicle, a policy is found that navigates
the vehicle to bypass an obstacle and reach a target, rendering the target globally attractive. Figure 1
shows an overview of the found policy: the vehicle steers left when above the decision boundary,
illustrated by the red dashed line in Figure 1, and steers right below the decision boundary. However,
when the vehicle is near the decision boundary, issues may arise due to noisy observations. For
instance, suppose the vehicle is physically above the decision boundary, but the noisy observations
may report it to be below it. As a result, the vehicle wrongly turns right. Conversely, if the
vehicle is physically below the decision boundary but reported to be above, it would incorrectly
turn left. Repetition of this occurrence can cause the vehicle to get stuck in front of the obstacle
or drive straight into it, as shown in Figure 1 (see also Section 3.2). This scenario demonstrates
that (arbitrarily) small noise can compromise the policy in critical situations. The notion of critical
points in the observation space is relevant to other problems where chattering between policies
causes undesired behavior. This extends to various RL domains, such as hierarchical RL (Frans
et al., 2017; Nachum et al., 2018) and options-based methods (Bacon et al., 2016; Barreto et al.,
2021). For example, in a pick-and-place task, a robot might need to place an object into one of
two equally distant and suitable boxes. If the robot is positioned at exactly the same distance
between the two boxes, even an arbitrarily small amount of noise can cause indecisiveness, leading
to chattering between the options and resulting in inefficiencies and delays.

Various approaches have been proposed in the literature to improve the general robustness of RL-
based control policies against noisy observations or model parameter alterations. Examples are
training in the presence of adversarial attacks (Papernot et al., 2015; Mandlekar et al., 2017; Madry
et al., 2018; Tramer et al., 2018), considering a worst-case scenario (Pinto et al., 2017; Liitjens
et al., 2020; Zhang et al., 2020; Everett et al., 2022; Liang et al., 2022), or by using control barrier
functions (Emam et al., 2021; Cheng et al., 2023). Notably, a few studies address adversarial attacks
targeting the observation space (Liitjens et al., 2020; Zhang et al., 2020; Everett et al., 2022).
However, these methods focus on worst-case adversary scenarios for (memoryless) policies with
traditional continuous or discrete action spaces. While these methods enhance the general robustness
against noisy observations or model parameter alterations, they cannot address the challenges posed
by topological obstructions. Specifically, because these methods utilize a continuous or (memoryless)
discrete policy parameterization, they fail to prevent the problematic chattering behavior as sketched
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in the autonomous vehicle example above and shown in more detail in Section 3. Contrary to these
works, our approach amalgamates ideas from hybrid control theory to overcome the limitations of
traditional policies. We introduce a new hybrid RL algorithm, referred to as MultiHyRL, that
overcomes these limitations by implementing hysteresis switching modeled by a hybrid system.
MultiHyRL, described in Section 4, provides a hybrid control policy that is robust against adversarial
attacks on the observation space near critical areas for environments with an arbitrary number of
randomly located obstacles. MultiHyRL identifies critical points, such as the decision boundary in
Figure 1, for a control policy obtained via a standard RL method! and uses this policy to separate
the state space into overlapping sets, thereby effectively removing the topological obstruction from
the state space. Next, new control policies are trained for each overlapping set via a standard RL
method, and the policies are combined in a hybrid system that supervises the newly obtained policies
and implements hysteresis-based switching by introducing two logic variables. To emphasize the
effectiveness of our approach, we consider the bird’s-eye view obstacle avoidance problem, described
in Section 3, whose observation space is complex with the combination of local (images), shown on
the left in Figure 1, and global (vectors) observations, shown on the right in Figure 1. In Section 5,
we empirically show the robustness of the MultiHyRL agent compared to the normal agent for
various settings.?

2 Preliminaries

2.1 Notation

The following notation is used throughout the paper. The n-dimensional Euclidean space is denoted
by R"™. The real numbers are denoted by R. The nonnegative real numbers are denoted by Rxg,
i.e.,, R>g := [0,00). The natural numbers including 0 are denoted by N, i.e., N:={0,1,2,...}. The
natural numbers excluding 0 are denoted by Nsg, i.e., Nyg := {1,2,...}. The closed unit ball, of
appropriate dimension and centered at the origin, in the Euclidean norm is denoted by B. The
Euclidean norm of the vector x is denoted by |z|. The distance from x to the set nonempty S
is denoted by |z|g, which is given by inf,cg|x — y|. The convex hull of the set S is denoted
by Conv(S). The interior of a set S is denoted by int S. The boundary of the set S is denoted
by 3S. The domain of a map f is denoted by dom f. The unit circle is denoted by S! and is defined
as St = {:c €ER? |z| = 1}. The 4-quadrant inverse tangent is denoted by arctan2. The signum
function is denoted by sgn and is defined as sgn(x) := —1 if x < 0 and sgn(x) := 1 if x > 0. The

cos(f) — Sm(g)] is denoted by Rot(f).

identity matrix is denoted by I. The rotation matrix {Sin 6)  cos(6)

2.2 Reinforcement learning framework

Markov decision processes (MDPs) are used as a formalism for Reinforcement Learning (RL) (Put-
erman, 1994). In an MDP, the learner/controller is referred to as the agent and interacts with an
environment. An episode is the system’s deployment in an environment from an initial condition and
subjected to inputs over a finite or infinite time horizon. The agent’s state z € Z, where Z C R" is
a set of states, evolves according to its dynamics

z= f(z,u), (1)

where f: Z xU — Z and v € U is the control input, where & C R™ is a set of actions. During an
episode, the environment yields rewards based on the reward function R : Z x U/ — R to connect
specific state-action pairs to reward values. The goal of RL is to find a policy 7 : £ — U that

IProximal Policy Optimization (PPO) (Schulman et al., 2017) is used as the ‘normal’ RL algorithm for the control
policies derived in this paper. Nevertheless, the approach can be applied to other RL methods as well. The details
on the used PPO implementation are given in Appendix A.1.

2All the simulation files are available at www.github.com/HybridSystemsLab/MultiHyRL
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maximizes the return functional

T
G(r)i= [ AR, ut) at, )
t=0

where 7 = (z,u) € Z x U is a solution pair to (1), defined for each ¢ € [0,T], where T € R+ is the
horizon length, under the policy 7 € II, where II is the set of possible policies, and v € [0,1) is the
discount factor that weighs the importance of future rewards.

2.3 Hybrid Systems
A hybrid system H = (C, F, D, G) is defined as

H:{$+:F(m) zel 3)
xt=G(z) zeD

where x € R™ denotes the state variable, 2 the state variable after a jump, ' : C — R"
is a function referred to as the flow map, C' C R"™ is the set of points referred to as the flow
set, G: D — R" the jump map, and D C R" is the jump set. When the state is in the flow set,
the state is allowed to evolve continuously and is described by the differential equation defined by the
flow map. When the state is in the jump set, the state is allowed to be updated using the difference
equation defined by the jump map. In this way, with some abuse of notation, the solution to (3) is
given by a function (¢, ) — x(t, ) defined on a hybrid time domain, which properly collects values
of the ordinary time variable ¢ € R>( and of the discrete jump variable j € N. The hybrid system H
allows for the combination of continuous-time behavior (flow) with discrete-time behavior (jumps).
For more details on hybrid dynamical systems, see Goebel et al. (2012); Sanfelice (2021).

3 Motivation

3.1 Vehicle Dynamics and Bird’s-Eye View Problem Formulation

We consider a vehicle evolving on the plane with the state z = (p,£) € Z C R? x §! and dynamics
given by

. . Uy

i=J(zu) = [urRot (7%7‘(’) {} ’ (4)
where p = (pz,py) € P denotes the planar position, with p, € P, and p, € P, being the coor-
dinates along the z- and y-axes, respectively. The orientation of the vehicle is & € S!, as shown
in Figure 1. The control input u = (uy, u,) consists of u, € [—1,1] controlling the forward veloc-
ity and u, € [—1,1] controlling the orientation. In addition, the environment features N € Ny
circular obstacles with a radius of 7o, € Ry centered at Pop, = {pob,1,Pob,2;---:Pobn} C P,
where pop i = (Pob,i,z, Pob,i,y) is the planar position of obstacle ¢ € {1,2,..., N}. To detect collisions
of the vehicle with an obstacle, we define the collision set C as the set of planar positions p for which
the distance to the boundary of an obstacle is zero, that is, C := {p € P : |p|p,, < rob}-

The problem to solve consists of designing an RL-based controller for the vehicle in (4) to avoid
the obstacles and safely reach the set-point position p* = (p},p;) € P asymptotically. The full
plant model of the system, shown in Figure 2, consists of the vehicle’s dynamics (4) and a function
that provides measurements, or equivalently, observations based on the perturbed state 2’ := 2z +m,
where 2/ = (p/,¢') € Z and m € R? is measurement noise. The observations consist of the planar
position error e,(p’) = |p'|p+, the orientation error eg(z’) = arctan2(p* — p’) — arctan2(¢’) mapped
within — to 7, and a binary square image Z € {0, 1}"=es*"res where 0 corresponds to no obstacle, 1
corresponds to an obstacle, and n..s € Nsg is the resolution of the image. The image is taken
from above, providing a limited bird’s-eye view of the environment, as shown in Figures 1 and 2.
The image is centered on the vehicle’s perceived center of mass, which is located at p’.> To ensure

3The image is based on the perturbed state z’. Robustness against image-level noise, such as blurriness and
rotations, is beyond the scope of this paper as the focus is on perturbations that cause chattering behavior.
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Figure 2: Overview of the closed-loop control architecture for the bird’s-eye view obstacle avoidance
problem.

consistency of the image with the perceived vehicle’s body frame as the vehicle turns, the image is
rotated with the angle of £’ as shown in the ‘Output to Observation’ block in Figure 2. Furthermore,
the image has an equal width and length of wpey X Whey, and a resolution of 7,65 X nyes array elements.

The obstacles have the following three properties:

(O1) the obstacles are static and have the same radius rop;*

(02) the obstacles are disconnected from each other with a spacing between each obstacle greater
than v/2wpey, such that only one obstacle is visible to the agent for any state z € Z;

(03) the distance between an obstacle and the set-point position p* is greater than %\/iwbev, such
that no obstacles are visible to the agent when the agent is at the set-point position p = p*.

The control architecture, shown in Figure 2, consists of a feature extractor and a standard Multi-
Layer Perceptron (MLP) to map the extracted features to a control policy. An MLP is trained
to extract the relevant features from the planar position error e, and the orientation error ey.
Concurrently, a Convolutional Neural Network (CNN) is trained to extract the relevant features
about nearby obstacles from the bird’s-eye view image Z.° The details on the architectures of the
CNN and MLPs and their hyperparameters are given in Appendix A.2.

To motivate the agent to navigate around obstacles and reach the set point, a smooth reward function
is crafted with the following components three components:

(R1) a penalty for deviating from the set-point position p*, encouraging the agent to reach the
set-point position via the shortest path: —cie, € R<g, where ¢; € Ry is a weight;

(R2) a penalty for deviating from the orientation corresponding to the shortest path to the position
set point p* : —comin(ep, c3)|eg| € R<p, where ¢z, c3 € Ry are weights. This component is scaled
by min(e,, c3) such that c; min(e,, cs)|eg| — 0 as e, — 0 and co min(ey, c3)|eg| — cacsleq| as e, —
0038

(R3) a penalty for when the agent is in observable proximity to an obstacle for any orientation ¢ € St
to encourage a safe distance between the agent and the obstacle: —c4B(|p|¢), where ¢4 € Ryg is a
weight. The function B, similar to the one defined in Sanfelice et al. (2006), serves as a barrier
function and is defined as B(x) := (x — %wbev)2 In “’QL;V if x €0, %wbev] and B(x) :=0if x > %wbev.
The agent is in observable proximity to an obstacle for any orientation ¢ € S! when the distance to
an obstacle is less than half the width of the image: |p|c € [0, %wbev]. Combining these components
yields the following reward function, which, in this case, depends on z only:

R(z) = —c1e, — caleg| min(ey, c3) — caB(|ple) Vz € Z. (5)

4The method can be applied to moving obstacles and those with various radii, as demonstrated in Appendix C.

5The relevant features for the network in Figure 2 are unknown before training. During training, both the network
and feature extractor are trained concurrently, so the meaning of relevant features may change. After training, the
extracted features can be analyzed to interpret their meanings.

6This scaling is necessary as eg is undefined for p = p*. Furthermore, the min saturates the penalty for large values
of ep, such that the orientation penalty does not grow unproportionally large with respect to the other penalties.
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3.2 Lack of Robustness

To demonstrate the lack of robustness in RL-
based control policies, a policy for the system
described in Section 3.1 is found using the PPO
algorithm. Specifically, the control policy is
trained for a canonical setting with a single
obstacle at po, = (—2,0) and a set point at (a) Without noise. (b) With noise &, = 0.1.
p* = (0,0). The observations provided to the

agent enable the policy to generalize across var- Figure 3: Visualization of state trajectories (or
ious obstacle settings, as long as the obstacles SO]U.tiOIlS) for various initial conditions in a four
adhere to the properties outlined in Section 3.1. obstacle scenario, with and without measurement
Fjgure 3 shows the state trajectories for a four- noise. The trajectories alternate colors for read-
obstacle setting; details on the simulation imple- ability. The gray circles denote obstacles, the x’s
mentation are provided in Appendix B.4. Fig- denote the initial conditions, the o’s denote the
ure 3a shows that the policy steers the vehicle terminal positions, and the red x denotes the set-
clockwise or counterclockwise for a small change point position p*.

in the initial condition (denoted by x). How-

ever, the policy fails to pass the obstacle when it approaches the obstacle in the center. This is a
limitation of the continuity of the policy parameterization, which causes it not to steer away from
the obstacle for some states. When an arbitrarily small amount of noise is applied to the perceived
position of the vehicle, the policy can mistakenly steer the vehicle clockwise when it should steer
counterclockwise and vice versa, inducing “chattering” behavior. Figure 3b demonstrates this chat-
tering behavior and the vehicle getting stuck in front of the obstacle due to measurement noise on
the measured vehicle position. Details on the simulation are given in Section 5.

by
by

Px Px

In this paper, motivated by such fragility of RL-based algorithms, we develop an algorithm that
results in a closed-loop hybrid system whose behavior is robust against those disturbances in the
presence of multiple obstacles.

4 Multi Hysteresis-Based RL

A hysteresis-based RL algorithm to guarantee safety and robustness in environments with multiple
obstacles and measurement noise is proposed. The algorithm, which we call MultiHyRL, deals with
any number of obstacles by implementing a hysteresis switching mechanism that prevents chattering
behavior from occurring in the presence of measurement noise. In this section, the MultiHyRL
algorithm is discussed.

4.1 MultiHyRL Overview

In simple words, the MultiHyRL algorithm operates as follows:

(Step 1) Utilize the RL method of choice, such as PPO, to find an initial control policy;

(Step 2) Detect the critical points for the initial control policy; see (%) in Section 4.2. The critical
points are the areas in front of each obstacle for which solutions evolve in opposite directions for
a small change in the state. For example, the dashed red line in Figure 1 is a collection of critical
points;

(Step 3) Utilize these critical points to partition the state space into two overlapping sets; see Sec-
tion 4.3. The union between the overlapping sets covers the whole state space, and the intersection
covers the critical points and an area around the set point. By this construction, for each overlapping
set, only one path exists that connects the critical points to the set point for each obstacle;

(Step 4) Train a new policy for both of these overlapping sets using the chosen RL method. The
vehicle’s passage around each obstacle is constrained to a single side due to the design of the overlap-
ping sets. Thereby effectively eliminating the topological obstructions. For example, for the scenario
depicted in Figure 1, the vehicle is only permitted to navigate around the obstacle via either the
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blue trajectory or the green trajectory for each respective overlapping set;

(Step 5) Introduce a logic variable to dictate the active policy and a logic variable to indicate the
focused obstacle to be avoided. The logic variables change their values only when the system exits
the overlapping set corresponding to their current logic value index. This mechanism enables hys-
teresis switching between the newly acquired policies for each obstacle. With this approach, small
measurement noise does not lead to chattering behavior. Instead, the same policy continues to be
applied as the logic variables remain unchanged under small measurement noise.

The MultiHyRL algorithm can be applied to any number of obstacles that satisfy the properties
outlined in Section 3.1. However, Steps 1-4 are executed for the canonical obstacle setting as
discussed in Section 3.2, namely, a single obstacle positioned at pop, = (—2,0) and a positional set
point p* = (0,0). By means of a transformation, the results for the canonical obstacle setting are
generalized to apply for any number of obstacles that satisfy the properties outlined in Section 3.1,
without the need for fine-tuning the policies found in Step 4 or tweaking the partitions found in
Step 3. In the following subsections, the MultiHyRL algorithm is applied to the canonical obstacle
setting, and in Section 4.3 the transformation is discussed that generalizes the results to any obstacle
setting that satisfies the properties outlined in Section 3.1.

4.2 Finding Critical Points

By leveraging a set of critical points, the state space can be partitioned into two sets for each
obstacle. This division is achieved by ensuring that trajectories originating near these critical points
evolve in divergent directions within each respective partition and do not leave the partition they
start in. A set of critical points M* C Z exists for a closed-loop system z = f(z,m(z)) when the
following property holds:

(%) there exists § > 0 such that for each state z € M* there exist initial states zg, 21 € {z} + B
such that solutions ¢g, ¢1 to 2 = f(z,m(z)) starting from zg, 21, respectively, satisfy

¢o(t) € int My for all t € dom ¢ \ {0} and ¢1(¢) € int M; for all ¢ € dom ¢y \ {0}, (6)

where My and M are partitions of the environment Z with properties MqU M; = Z
and MgnNM; = M*.

In the context of obstacle avoidance (topological obstructions), each obstacle has an associated set
of critical points. As discussed in Section 3.2, solutions evolve in divergent directions for a small
change in the vehicle’s state when facing an obstacle. For each obstacle, the state space can be
partitioned into two parts: solutions that steer past the obstacle clockwise (e.g., M) and solutions
that steer past the obstacle counterclockwise (e.g., M1). Using (%), we can state that for each
obstacle ¢ € {1,2,..., N}, we can find a set of critical points M and partition the state space Z
into My ¢ and M ¢ with properties Mg, U M, = Z and Mg, N My = M*. An algorithm is
designed that searches the state space for initial conditions for which (x) holds and thereby finds the
sets of critical points M for each obstacle £ € {1,2,..., N}. A detailed description of the algorithm
is given in Appendix B.1. The algorithm is applied to the canonical setting described in Section 3.2
to find its set of critical points M*.

4.3 Partitioning the State Space

In this section, the state space for the canonical setting described in Section 3.2 is partitioned into
two overlapping sets M&* and M$**. This partition ensures the vehicle can only pass an obstacle
on one side (clockwise or counterclockwise), thus removing the topological obstruction. To create
these overlapping sets, a Support Vector Machine (SVM) model is trained to classify if a position p
is in M\ M MU\ MG or in the overlap ME* N MS§*. This classification identifies when
a switch needs to occur in the hysteresis switching mechanism, as discussed in Step 5 in Section 4.1.
This section discusses the creation of the data set for training the SVM model and the transformation
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Figure 4: Overview of five regions used for the creation of the SVM data set. The red areas
denote regions related to the conditions (S1), (S2), and (S3). The blue and green areas denote the
regions (S4) and (S5), respectively. The black line denotes the center line y., the gray circle denotes
the obstacle, and the red x denotes the set-point position p*.

that generalizes the results for the canonical setting to apply for any number of obstacles that satisfy
the properties outlined in Section 3.1.

To create a training data set for the SVM model, a rough estimate of the partitions M \
MPE MPEN\ MG, and MFEN MG is made. The estimate of overlapping M N MS$** consists
of three regions, namely, (S1), (S2), and (S3). The estimates of Mg\ M$* and M$E\ MGt
consist of the regions (S4) and (S5), respectively. An overview of the regions is shown in Figure 4.
Region (S1) collects positions that are inside the smoothened set of critical points M?. The set of
critical points M* is smoothened by a factor of o € R5 and defined as M? := Conv (M* 4 oB).
Region (S2) collects positions that are in the vicinity of the set-point position, namely, p € p* + ¢5B,
where c5 € Rs. Region (S3) collects positions that are in the vicinity of the center line y. : Py — Py
and are not inside the obstacle. A position p is not inside an obstacle if the distance to the obstacle is
greater than zero, namely, |p|c > 0. The center line is obtained by fitting a second-order polynomial
through the center p. of M7 defined as p. = (pa,c, Dy,c) = argming,_ cp, max, cme [Pec — Pyl
the center of the obstacle pop, and the set-point position p*. A position p = (ps,py) is in the
vicinity of the center line y. if ye(pz) — ¢6 < Py < Ye(pz) + 6, Where ¢ < rop. Region (S4) col-
lects positions p = (ps, py) that are not in the regions (S1-S3) and are above the center line, that
is, py > Ye(pe). Region (S5) collects positions p = (py, p,) that are not in the regions (S1-S3) and
are below the center line, that is, p, < y.(ps). A training dataset is generated by labeling a grid of
positions according to the regions (S1-S5). An SVM model is trained using this dataset with a Gaus-
sian radial basis function to ensure that the boundaries between the sets Mg\ Mt M\ MEXt
and Mg N M are smooth. The sets M§* and M$** are then obtained by inferencing the trained
SVM model. Namely, a position is in M$* if the position is in M\ Mt or M N M
for i,h € {0,1} and i # h.

To generalize the SVM model to find the sets ME** and M$** for any obstacle settings, a transfor-
mation is applied to the inputs of the SVM model. The details on the transformation are discussed in
Appendix B.2. Additionally, if more than one obstacle is present in the environment, the sets Mg
and M$* are partitioned with a relazed Voronoi partition into N Voronoi cells, one for each ob-
stacle. The relaxed partition allows for overlap between the cells to prevent Zeno behavior (infinite
jumps in finite time) for the resulting hybrid system.” With this relaxed Voronoi partition, the pair
of sets ng‘} and M?X; are obtained for each obstacle £ € {1,2,..., N}. Figure 5 shows an example
of the sets M} and M for a four obstacle setting N = 4.

4.4 Training two new control policies

After finding the extended overlapping sets M&* and M$** for the canonical obstacle-setting de-
scribed in Section 3.2, two new policies are trained for the same obstacle setting. A policy, de-
noted 7, is trained on ME* and another policy, denoted 71, is trained on M$**.8 To train these
policies, a slight modification is made to the reward function. Specifically, for each i € {0,1}, the

7See Sanfelice (2021) for more information on Zeno behavior. The details and additional examples on the relaxed
Voronoi partition are given in Appendix B.3.
8The policy parameters from Step 1 in Section 4.1 can initialize policies 7o and 71 to speed up training.
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Figure 5: Visualization of the state space partition for four obstacles. For each obstacle ¢ &€
{1,2,3,4}, the blue & red and the green & red areas denote the sets MY and MY, respec-
tively. The red area denotes the intersection Mg N M?Xg’ The black lines denote the Voronoi
vertices, the gray circles denote the obstacles, and the red circle denotes the set-point position p*.
The points p; and ps are referenced in Section 4.5 to derive the hybrid control algorithm.

set Z\ M$* is added to the collision set C. This penalizes the agent for leaving its respective
extended overlapping set, motivating it to stay inside. For the single obstacle-setting described in
Section 3.2, the policy 7o steers the vehicle clockwise past the obstacle for each z € M, and the
policy 7 steers the vehicle counterclockwise past the obstacle for each z € Mt As discussed in
Section 3.2, the policies my and 71 generalize across various obstacle settings, as long as the obstacles
adhere to the properties outlined in Section 3.1.

4.5 Hybrid Control Algorithm for Supervising Policies

After obtaining the sets 8’7‘; and M?x} for each obstacle £ € {1,2,..., N} and the control policies mq
and 71, a hybrid control algorithm is designed to supervise the policies. To do so, two logic variables
are introduced: ¢ € {0,1} indicating the active policy and A € {1,2,..., N} indicating the focused
obstacle to be avoided. To construct the hybrid closed-loop system H = (C, F, D, G), we define its
state as the collection of the vehicle’s state z, and the newly introduced logic variables ¢ and A,
namely, z := (z,¢,A) € Z2 x {0,1} x {1,2,..., N}. Next, we define the flow map F that describes
the continuous evolution of the state z as

z f(z (2, 9))
q| = F(x) = 0 xeC, (7)
A 0

where 79 is the hybrid control policy that allows us to switch between 7y and m; depending on the
value of the logic variable q. The hybrid control policy is given by

) mo(z) if ¢=0
WH(Z,Q) T {7T1(Z) if q= 1 . (8)

In (7), it can be seen that the vehicle’s state flows according to its dynamics (4) under the hybrid
control policy (8), the logic variables ¢ and A do not change during flow, and that the system flows
whenever the state is inside the flow set C, which is defined below. As the logic variables do not
change during flow, the hybrid policy remains equal to my or m; during flow, depending on the value
of q. To define the flow set, consider the four obstacle setting and the sets Mg)f,}: and M?’}t for each
obstacle £ € {1,2,3,4} shown in Figure 5. Suppose the vehicle’s position is p1 = (pz,py) = (—3,5),
that is, the vehicle’s state z is in the overlapping extended set 8’7‘{; see Figure 5. From this vehicle
position, the vehicle has to pass obstacle 1 clockwise. So for the system to flow, the focused obstacle
has to be obstacle 1, that is, A = 1, and the policy that steers the vehicle clockwise has to be
active, namely, policy mg and thus ¢ = 0. Moreover, for x to flow, the logic variables ¢ and A must
correspond to the indexes of the overlapping extended set ./\/lf;x}\ the vehicle’s state is in. Therefore,
the flow set is given by

C= U (M x {g} x {A}). (9)

qe{0,1}, Ae{1,2,...,.N}
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Next, suppose again that the vehicle’s position is pp, that is, z € Mg’,‘f, the logic variable A = 1, and
the logic variable ¢ = 1. This time, the state = is not in the flow set (9) as ¢ # 0. Therefore, the
value of the logic variable ¢ has to jump from ¢ = 1 to ¢ = 0 such that the state x after the jump is
in the flow set (9). To capture this jump for the logic value ¢, we define the hysteresis jump set as

Dy = (MRS M) x {at x (A, (10)

for h € {0,1} where h # ¢ and h is the value to reset ¢ to. In (10), it can be seen that this jump
set captures the condition when the focused obstacle A corresponds to the overlapping set Z"}\,
but the value of ¢ needs to be switched. The second type of jump can occur when the obstacle that
needs to be focused does not correspond to the value of the logic variable \. For example, suppose
again that the vehicle’s position is p, that is, z € MB’ff, the logic variable ¢ = 0, and the logic
variable A = 3. From this state, the hybrid system cannot flow as the state is not in the flow set (9).
Hence, we want to reset the value of A from A = 3 to A = 1. Additionally, the new value for the
logic variable A can be arbitrarily chosen as the sets Mg and M} for £ € {1,2,..., N} overlap by
their construction. For example, suppose that the Vehlcle S p0s1t10n is ps = (pw,py) = (1.5,-1.5),
that is, z € ﬂ/\/l;" the logic variable ¢ = 0, and the logic variable A = 1. The logic variable A
qe{o 1}, xe{2,3, 4}

needs to be reset as the state is not in the flow set, but the logic variable can be updated to 2, 3,
or 4. When multiple options are available, the new value of A is picked uniformly at random from
the available options, that is, AT € {2,3,4}. An instantiation of A* would be 3. The jump map G
that captures these situations is given by

z
+ ] /
2+ €G(x) = |{ iz e M7 Ad < WN@h
x* T reto g re D} s :
N(x)
(11)
where -
/ I'(z) if zeD)\Dfes o ext ) Ao
A(z){A() olse VDS ., D= (MEFUMSTE) x {0,1} x {1}, (12)

where D! is the set of points that correspond to the focused obstacle [ € {1,2,..., N} and I is the
focused obstacle jump map for switching the logic parameter A (in)deterministically and is given by

[(z) = Ac{1,2,...,N};<ﬂD{°S>\ U Dies | 4. (13)

leA igA,i€{1,2,...,N}
Lastly, the jump set D of for the hybrid system is given by

D= U (DhY;t U DfCS) —Zx{gxDDH\C. (14)
qe{0,1}, Ae{1,2,...,N}

It is important to note that the sets 8"}\ and ‘jx/{ overlap each other in front of each obstacle A
with respect to the positional set point. Furthermore, the sets Mg\ UM and ME5 UM} also
overlap each other for each obstacle A and h where A # h € {1,2,...,N } Therefore the hybrid
system cannot continuously switch between its values of ¢ and A in the presence of measurement
noise. Hence, the hybrid system cannot switch continuously between its policies my and 71 to pass
an obstacle in the presence of small measurement noise. The vehicle will pass the obstacle clockwise
if ¢ = 0 and counterclockwise if ¢ = 1, thereby implementing a hysteresis switching effect between the
two policies and granting robustness against the small measurement noise. The level of robustness is
related to the amount of overlap the sets M&*! and M$ and the sets MEX UMe and M U./\/le"t
for A\ £ h € {1,2,..., N} have. Specrﬁcally, 1f the overlap width is greater than € E R<o, the hybrld
system is robust agamst chattering behavior caused by measurement noise of € on the vehicle’s
perceived position.
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5 Numerical Validation

In this Section, we apply the MultiHyRL algorithm as described in Section 4 to overcome the lack of
robustness of the normal agent. To demonstrate the robustness of the MultiHyRL agent, both the
normal agent and the MultiHyRL agent are simulated in various settings for many initial conditions
in the presence of the exact same measurement noise signal. The controllers use a sample-and-hold
approach for both the normal and MultiHyRL agents, modeled as a hybrid system; details are given
in Appendix B.4.

The normal and MultiHyRL agents are deployed in two environments with eight and ten static
obstacles that satisfy the properties outlined in Section 3.1. Four measurement noise settings are
considered for both agents: (a) no measurement noise, €, = ¢¢ = 0, (b) only positional noise, ¢, =
0.2, e = 0, (c) only orientational noise, €, = 0, ¢¢ = 0.3, and (d) both positional and orientational
noise, €, = 0.05, e¢ = 0.1. The applied measurement noise signal m : S! x R>¢ — R? is given by

m(e,) = (Rt(;:;n((?g)— MERCES (eos (%)) (15)

where the function mgen changes its sign at every sampling time interval A¢. For the MultiHyRL
agent, the logic variables ¢ and A are randomly initialized. Figure 6 shows the simulation results for
each setting. In the first and third rows of column (a) in Figure 6, it can be seen that the normal
agent gets stuck in front of an obstacle for a select few initial conditions. This can be attributed
to the continuous policy that is used for the normal agent. Specifically, by the property (x) in
Section 4.2, solutions get stuck at critical points located in front of the obstacles. Furthermore, the
first and third rows of columns (b), (¢), and (d) show that the normal agent’s ability to reach the
positional set point worsens significantly due to measurement noise, causing chattering behavior and
resulting in many initial conditions getting stuck in front of obstacles.

Contrary to the normal agent, the MultiHyRL agent reaches the positional set point for all noise
settings and initial conditions, as shown in the second and fourth rows of Figure 6.° This is due
to the hysteresis and obstacle focus mechanisms that prevent chattering in front of the obstacles.
The MultiHyRL agent’s solutions sometimes cross each other for similar initial positions due to
the random initialization of logic parameters ¢ and A. For example, if the initial position is in the
overlapping region between Mg and M for obstacle A, the initial value of ¢ can be 0 or 1,
steering the vehicle clockwise or counterclockwise, respectively. In column (a), the MultiHyRL
agent typically takes a slightly longer path to the positional set point than the normal agent due to
these mechanisms. However, the robustness benefits of the MultiHyRL agent outweigh this slight
performance loss in the noiseless setting.

Without any modifications, the MultiHyRL algorithm can be applied to obstacles of different sizes
and even dynamic obstacles.! To further validate the MultiHyRL agent’s performance over the
normal agent, they can be deployed in a simplified game of Capture the Flag against each other.
Additional simulations are provided in Appendix C.

6 Conclusion

This paper presents a new hybrid RL algorithm, referred to as MultiHyRL, for vehicles operating in
environments with an arbitrary number of randomly located obstacles to overcome the challenges
posed by topological obstructions. MultiHyRL provides a hybrid control policy with hysteresis
switching that is robust against adversarial attacks on the observation space near critical areas for
such environments. MultiHyRL addresses the 2D bird’s-eye view obstacle avoidance problem fea-
turing a complex observation space that combines local (images) and global (vectors) observations.

9There exists another topological obstruction on the vehicle’s orientation &, which can be dealt with following the
procedure done on the unit circle problem in de Priester et al. (2022).
10For dynamic obstacles, we assume they do not move faster than the vehicle and satisfy the properties in Section 3.1.
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(b)ep=02and ee =0. (c)ep =0andes=0.3. (d) e, =0.05 and e¢ = 0.1.

Figure 6: Visualization of the state trajectories under different measurement noise settings for the
normal agent (rows 1 and 3) versus the MultiHyRL agent (rows 2 and 4) in two static obstacle
environments. The logic variables ¢ and A are randomly initialized for the MultiHyRL agent. The
trajectories alternate colors for readability. The gray circles denote obstacles, the x’s denote the
initial conditions, the o’s denote the terminal positions, and the red x denotes the set-point posi-
tion p*.

Numerical results highlight its robustness to adversarial attacks in various challenging obstacle avoid-
ance settings where PPO, a traditional RL method, fails. With some modifications, the MultiHyRL
algorithm can be extended to 3D tasks, as future work will demonstrate. While our primary focus is
on obstacle avoidance, the concept of critical points in the observation space applies to other prob-
lems where chattering between policies causes undesired behavior. This relevance extends to various
RL domains, such as hierarchical RL and options-based methods. The MultiHyRL algorithm can
be adapted to enhance the robustness of these methods as well.
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A Reinforcement Learning Implementation Details

A.1 Proximal Policy Optimization

This paper uses OpenAT’s Stable Baselines 3 implementation of the PPO algorithm (Raffin et al.,
2021) to learn an approximate value function 9, parameterized by ¢, and stochastic policy 7*,
parameterized by 6. For a training episode, the simulation provides information at time points k €
{0,1,...,K} where K € N is the time point corresponding to the maximum simulation horizon
time. The approximated value function ¥ is trained by minimizing the mean squared error between
the approximated value function v and the returns Gy observed during training episodes, given by

K—1
7 R(ze41, we), (16)

=k
where ¢ = {(uo, 21), (u1,22), ..., (uk—2,2K-1), (UK —1,2K)} is the discrete-time solution pair to (1).

The update of the approximate value function’s parameters ¢ is given by

2
Gyptp1 = mln |D¢,|K Z Z 0(z; 0) — Gg)* (17)

CEDy k=0

where 1) € N is the update step and Dy is a set containing discrete-time solution pairs ¢ obtained
during training episodes under the stochastic policy 7rfp.11 The value function update in (17) is done
via gradient ascent with Adam (Kingma & Ba, 2014).

During training, a stochastic policy is used such that the agent can explore the environment, that
is, to observe the rewards obtained for a large variety of state-action pairs. A multivariate Gaussian
distribution is used to parameterize a stochastic policy and is given by

m* (ul2) = N (1 (2), %22 (2)) , (18)

1 As the value function estimates the return under a specific policy m, the trajectories used for updates on the
approximate value function must be under the same policy. Therefore, the trajectories ( obtained under different
policies % # Tl'fl) are not used to update ¢,;.
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where o : Z — U denotes the mean vector of the multivariate Gaussian distribution N and X2 :
Z — U x U the diagonal covariance matrix of the multivariate Gaussian distribution N'. A neural
network parameterizes this distribution; we use a neural network to map the states z to a mean
vector i and a state covariance matrix ¥2. A deterministic policy 7 : Z — U is then obtained by
evaluating the mean vector y of the stochastic policy 7°, that is, # = p. The policy is parameterized
by a neural network with parameters 6. The update of the policy’s parameters 6 is given by

K-1

1

Opi1 = max T > DL 04,0), (19)
¢eDy k=0

where L is the objective function given by

w5 (ug|z; 0) 4

L(C? 0111? 6) = min <7T,Z(Ukzk§ 9111) Aw,k(C)ag(€7 Aw,k(<)>> ) (20)

where the estimated advantage flwyk at update step ¥ and time step k is obtained via the Generalized
Advantage Estimator (GAE) (Schulman et al., 2016) method and is given by

K-1
Ay r(Q) = Z (YN 6y (21, w1, 2041), (21)
=k

where dy 1 is the TD error at update step ¢ and time step k given by

0y (21, ur, 2141) = R(2141, w) + 0p(2041) — Oy (21), (22)

and A € (0,1] is a factor for the trade-off between bias and variance for the GAE. If A\ — 0, the bias
for the GAE is minimal, but the variance is high for the GAE. If A = 1, the variance is minimal for
the GAE, but the GAE is most biased. Furthermore,

(14 €Ay, if Ayyr >0

R R , 23
(1 — E)Awk if Awk <0 ( )

g(e, Al/hk) = {

where € € Ry is a hyperparameter that controls how far a new policy may deviate from the old
policy. The policy update in (19) is done via gradient ascent with Adam (Kingma & Ba, 2014).

A.2 Network Architectures and Hyperparameters

This section describes the network architectures used and the hyperparameters used for the PPO
algorithm. The architecture of the CNN is given by

CNN(Z) = Flatten (MaxPool2D [ReLU(Conv2D(Z, ¥ ciomvan) ), UniaxPooizn] ) , (24)

where 7 is the input image with equal width and length of wyey X Whey = 2X 2 and a resolution of neq X
Nres = 64 X 64 array elements, Flatten is a function that converts the 2D input into a 1D vector,
MaxPool2D is a 2D max pooling layer to reduce the spatial dimensions of the input feature map
with hyperparameters Upraxpoolzp = {kernel size = 2}, ReLU is the rectified linear unit activation
function given by f(x) = max(x,0) for an input x, and Conv2D is the 2D convolution operation
for with hyperparameters WUcoonvop = {out channels = 2, kernel size = 6, stride = 2, padding = 0}.
The architecture of the feature extractor’s MLP is given by

MLPfeature(e) = ReLU(wfeaturee) + beature; (25)

where e = (e, €9) and Weeature a0d bfeature are the weights and biases of the feature extractor’s MLP
with 32 neurons. The architecture of the network’s MLP, that is, the actor and critic networks, is
given by

MLP petwork (features) = wy, 2ReLU (w1 ReLU (wy, ofeatures) + by, o) + bp,1) + by 2, (26)
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Parameter Value Parameter Value
Time steps 200 Sampling time in seconds 0.05
Total training steps 5000000 Entropy coefficient 0.001
Number of parallel environments 8 Learning rate 0.0001
Discount factor 0.99 GAE factor A 0.95
Batch size 64 Clip range 0.2
Value function coefficient 0.5 Maximum value for gradient clipping 0.5

Table 1: Hyperparameters used for the PPO algorithm

where features= (CNN(Z), MLPfeature(€)), and wy,; and b, ,; are the weights and biases of the
network’s MLP with 32 neurons for each layer ¢ € {0,1,2}. The actor network (26) outputs two
variables, namely, the mean p and the diagonal covariance matrix > that defines the stochastic
policy (18) for the input features. The critic network outputs one value for the input features: the
approximated value function.

The hyperparameters used for the PPO algorithm are shown in Table 1.

B MultiHyRL Implementation Details

B.1 Algorithms

This Section provides the pseudocode for the algorithm used in Section 4.2 to find the critical points
of a control policy 7 for the MultiHyRL algorithm. The goal of Algorithm 1 is to search the state
space for initial conditions for which (%) holds under a control policy w. For the first iteration
of the algorithm, the set of initial conditions (points) Zj is a grid with a spacing between points
of 6 € Ryo. Next, for each point 2z, € Zy, we test n,, € N5 times if two points near z. evolve in
divergent directions. Specifically, the two nearby points z; and z; are computed using Algorithm 2.
Algorithm 2 computes a symmetric point pair (z1,22) € z. + 0B by sampling a random vector of
the same dimensionality as z. from a uniform distribution, that is, v ~ U(—6, ), and the points are
defined as z; = z. + v and 2o = z. — v.'2 Next, the system is simulated under the control policy 7
for a horizon time of T' € R~ to obtain the solutions ¢ — ¢;(¢) for ¢ € {1,2}. To determine if the
solutions ¢, and ¢- evolve in divergent directions, the sum of the absolute differences between the
two trajectories d is computed at times ¢ when the simulation provides information. Specifically, at
each sampling time interval ¢, we evaluate ¢, and ¢. Moreover, the difference at each time point ¢
is adjusted by subtracting the initial differences ¢1(0) and ¢2(0) to focus on the divergence from the
initial conditions and is normalized by the sampling time At. Next, the value of d is compared to
the distance threshold value 1 € R+, which acts as a benchmark to identify significant divergences
between trajectories. If d > n, the point z. is potentially a critical point and is stored in a set Z§ that
is reset for each iteration of the main loop of Algorithm 1.13 After evaluating every point in Z, and
populating the set Z§, k-means clustering is applied on Z§ to “summarize” the points by n., € Nxg
clusters in Z§. This ensures that the total number of points evaluated in each iteration of the main
loop remains computationally manageable. The set Z is reset to an empty set and repopulated
with the newly found n., clusters.!? Lastly, the value of § is reduced by a factor 8 € (0,1) to
facilitate convergence to a set of critical points. If § becomes smaller than the sampling time At, the
sampling time is also scaled by S to ensure the system samples fast enough to dodge obstacles if it
starts close to them.'® After reducing the value of § and repopulating the set Zy, the main loop of
the algorithm is run again until n;; € N5 of the main loop have passed. By iterative refining §, the

12The symmetry of the point pair (21, 22) refers to the addition/subtraction of the random vector v.

13Potentially here refers to the fact solutions can satisfy d > 7 for large values of § while the point z. is not actually
a critical point. Therefore, the point z. is considered potentially a critical point. To verify whether the point z. is
indeed a critical point, the value of § is decreased every iteration of the main loop of Algorithm 1.

141 the number of points in Zp is less than nep, the clustering step is skipped, and Zy is not reset.

151f the sampling cannot be adjusted in this manner, the algorithm stops when § < At.
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Algorithm 1: Finding critical points

Data: Policy 7w € II to be evaluated, number of iterations ny, € N5, number of random
symmetric point pairs per center point n,, € N5, initial set of points Zy C Z,
Euclidean distance § € R~ between initial points z. € Zj, simulation horizon
time T € R+, sampling time At, distance threshold n € R+, reduction factor distance
points § € (0, 1), maximum number of point clusters ng, € N5g.

Result: n., clusters centers of critical points.

for n;; iterations do

Define the empty set Z§.

for each point z. € Zy do

for n,, iterations do

Apply Algorithm 2 with z. and § to find z; and z5.

for z; and z5 do

Simulate the system under policy 7 for a horizon time of T" seconds to obtain to
obtain the solutions ¢ — ¢;(t) for i € {1, 2}.
Compute the sum of the differences between the solutions ¢ and ¢o at t’s where the
simulation provides information: Z?:o |p1(t) — @1(0) — pa(t) + P2(0)|At = d.
if d > n then
if in the ni th iteration then
| Store z in Z§.
else
‘ Store z., z1, and 23 in Z§.

Apply k-means clustering on Z§ to find ne, cluster centers of critical points. Store cluster

centers as Zj.

Set § « B9.

if § < At then

| Set At + Atj

Algorithm 2: Generate a symmetric point pair

Data: Center point of the symmetric point pair z., spread of the symmetric point pair 4.
Result: Two points z1, 22 € z. + 0B that are point symmetric w.r.t. z.
Sample a random vector of the same dimensionality as z. from a uniform
distribution: v ~ U(—6,0).
Define the point symmetric points w.r.t. z. as z; = z. + v and zo = 2, — V.

algorithm converges to a continuous set of critical points as the sampling time At goes to zero and
the simulation horizon time 7" and the number of cluster centers of critical points goes to infinity.

Algorithm 1 assumes that the system can be initialized from any initial condition, which may be
challenging in some settings. For example, this can be problematic if the training is performed on
a real system. Algorithm 1 can be adapted to work for such systems by storing and utilizing the
state trajectories (solutions) obtained during training. Algorithm 1 still starts with a grid of points
Zy. However, instead of computing a symmetric point pair (z1,22) from which we simulate the
system, we retrieve two solutions (or tails of solutions) that start from a ¢ neighborhood of z. and
evaluate the remainder of the algorithm in the same manner as before. For this adapted version
of Algorithm 1, the underlying assumptions are that the state trajectories obtained during training
sufficiently explore the areas of critical points and that the state is measurable to determine if a
solution (or tail of a solution) starts from a ¢ neighborhood of z..
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B.2 Transforming the SVM’s Input

This Section describes the transformation used in Section 4.3. The transformation is performed
on the input of the canonical setting’s SVM model to obtain the extended overlapping sets for
different obstacles or set-point positions. The function Ah*™3" : P — P maps a position from the

desired obstacle and set point setting into the canonical setting. Let pGi" = (pg°ty, pyap) € P
and p*°" = (0, 0) denote the obstacle position and the positional set point for the canonical setting,

des des des

respectively. Furthermore, let pot® = (pg,,pySy,) € P and p*des = (ppdes, prdes) € P denote the
obstacle position and the positional set point for the desired setting, respectively. The function htra"s
is given by
trans trans
trans _ r (p) COS ¢ (p)
h (p) - T.trans (p) sin ¢trans(p) ) (27)

where 7255 ig the ray and ¢! is the angle of the transformed point in polar coordinates given by
trans ad]j ch)%n trans ad]j adj can
e (p) = r*(p) aa ¢ (p) =0V (p) — dop, + 051 (28)
ob

where 7" is the ray and ¢ is the angle of poy, in polar coordinates, and r2d and ¢*4 are given

by

X 2 2 oy . .
radj (p) _ \/< . — p;,des) _ (py _p;,des) ’ ¢ddj (p) — arctan? (py o p;des’pz o p;,des) , (29)

and ri? and gbzgj are given by

Tadj( )_ _ adj 2_ _ adj 2 adj _ tan?2 _ adj _ ,adj 30
ob \P) = T pa:70b Py py70b ’ ¢ob (p) = arctans | py py7ob’p$ pw,ob . ( )

B.3 Relaxed Voronoi Partition

This section discusses the creation of the relaxed Voronoi partition used in Section 4.3 to obtain
the extended overlapping sets. The Voronoi partitions are created with respect to the N obstacle
locations. In a conventional Voronoi partition, the cell i € {1,2,..., N} is the set of points for
which obstacle ¢ is the closest in terms of FEuclidean distance. As the cells are created based on
which obstacle is closest, only the boundary of cells can overlap. Without overlap of these cells, the
closed-loop hybrid system (7-14) in Section 4.5 can exhibit chattering or Zeno behavior around the
boundaries of each cell for an infinitely small amount of noise. For more details on this chattering
phenomenon and Zeno behavior, see Sanfelice (2021); de Priester et al. (2022). The conventional
Voronoi partitions are relaxed by expanding the cell boundaries based on the distance to the cell’s
obstacle and enforcing a minimum distance to other obstacles. The latter constraint ensures that
obstacles in other cells are not visible when the agent is trying to pass the current focused obstacle.
Figure B.3 shows the relaxed Voronoi partition in an additional setting to the setting shown in
Figure 5 in Section 4.3.

B.4 Sample-and-Hold Hybrid Systems

This section describes the hybrid systems used in Section 5 to model the normal and Mul-
tiHyRL agents as sample-and-hold control systems. The state for the normal agent is given
by z = (2,u,7,m) € Xuym, where 7 € [0,At] is a timer and m € R* is the applied measure-
ment noise. For the normal agent, the hybrid system Hprm = (Chrm, Forms Dorm, Gnrm) 1S given
by
f(z,u)

0

1

0

= Foym(x) := z € Chrm, (31)

z
u
7'_
m
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Figure 7: Visualization of the relaxed Voronoi partition for eight obstacles. For each obstacle ¢ &
{1,2,3,4,5,6,7,8}, the blue & red and the green & red areas denote the sets MS”‘; and M‘l”‘;,
respectively. The red area denotes the intersection MS”‘; ﬂ./\/l‘f‘;. The black lines denote the Voronoi
vertices, the gray circles denote the obstacles, and the red circle denotes the set-point position p*.

2zt z

+
?7:‘ = Gnrm (-’17) = ﬂ-nrm(g " m) S Dnrm7 (32)
m* GE

where 7y, is the policy corresponding to the normal agent, the flow set is given by

C’nrm = {I S anm - T S At}v (33)
and the jump set by
Dnrm = {.’E S anm T Z At}a (34)
and the noise jump map by
=
—€p, €
G. = P =p , 35
Sl [ (35)
[—e¢, &€

where ¢, € R>( is the magnitude of the measurement noise on the vehicle’s perceived position
and e¢ € R>q is the magnitude of the measurement noise on the vehicle’s perceived orientation. The
flow map (31) captures the evolution of the vehicle and the timer, and the jump map (32) captures
the controller being updated every At seconds. Furthermore, the observation given to the controller
is perturbed by the measurement noise m. Lastly, the applied measurement noise jumps according
to (35). The system flows whenever the timer’s value is less or equal to the sampling time At, as
shown in the flow set (33). The system jumps whenever the timer’s value is greater or equal to the
sampling time At, as shown in the jump set (34).

The state for simulating the sample-and-hold MultiHyRL agent is given by x = (z,u,7,m,q,A) €
Xuy, where g € {0,1} and A € {1,2,..., N} are the logic parameters from the MultiHyRL algorithm.
For the MultiHyRL agent, the hybrid system Huy = (Cuy, Fiy, Duy, Guy) is given by

z f(z,u)

U 0

T 1

il = Fuy(z) :== 0 z € Chy, (36)
q 0

A 0
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z

s {wo(z—i—m) if ¢g=
ut m(z+m) if ¢g=
Tt 0
mt | = Guy(z) == G. x € Duy, (37)
Qi {0 if x4 p(m) € Dgf’;t
A 1 if x+4p(m)e D}ff'/\St

P(+pm) i 2+ p(m) € D\ D)

where the MultiHyRL algorithm is used to find the control policies my and m;, the jump

sets Dg?’;t, D??’;t, and D&CS, and p(m) is the perturbation on the state defined as

pm)=[m 0 0 0 0 0] . (38)
The jump map I' is given by (13). The flow set is given by
Chy = {z € Xuy : 7 < At}, (39)

and the jump set by
Dyy :={z € Xuy : 7 > At}. (40)

Note that by implementing the MultiHyRL agent as a sample-and-hold controller, we can only
update our logic variables ¢ and A during timer jumps.

C Additional Simulations

This section provides the additional simulations mentioned in the main text. Three additional sets
of simulations are performed to highlight the effectiveness of the MultiHyRL algorithm: moving
obstacles, obstacles with various sizes, and a Capture the Flag between the normal and MultiHyRL
agents. As mentioned in the main text, the controllers are implemented with a sample-and-hold
approach; discussed in Appendix B.4.

C.1 Moving Obstacles

In this set of simulations, the obstacles are dynamic, have the same radius, have a spacing between
each obstacle greater than %\/iwbew, and their velocity is less than 1, such that the vehicle can outrun
an obstacle. Figure 8 shows still frames from the simulation in which the set-point position changes
from p* = (p;,p;) = (3,0.1) to p* = (3,-0.1) every ten seconds. The normal and MultiHyRL
agents are deployed in the same environment in the presence of the exact same measurement noise
signal, given by (15). The measurement noise signal consists of a positional measurement noise
of magnitude €, = 0.2 and no orientational measurement noise, namely, e¢ = 0. Figure 8 shows
that both the normal and MultiHyRL agents are effective in environments with dynamic obstacles.
However, the MultiHyRL agent outperforms the normal agent as the normal agent crashes into some
obstacles in the presence of the positional measurement noise. In contrast, the MultiHyRL does not
crash into any obstacle in the presence of positional measurement noise, thanks to the MultiHyRL
agent’s robustness properties.

C.2 Varying Obstacle Size

In this set of simulations, the obstacles satisfy the properties listed in Section 3.1 except that the
radius of the obstacles varies. The same measurement noise and obstacle setting used in Section 5
are considered with varying obstacle radius. Figure 9 shows the result of these simulations. The
same discussion described in Section 5 applies here. In essence, the hysteresis and obstacle focus
mechanism of the MultiHyRL agent allows it to reach the set point for all the scenarios considered,
contrary to the normal agent, which gets stuck for several initial conditions.
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Figure 8: Still frames of the dynamic obstacle avoidance simulation in the presence of positional
measurement noise of magnitude €, = 0.2 for the normal and MultiHyRL agents. The logic vari-
ables ¢ and A\ are randomly initialized for the MultiHyRL Agent. The normal agent and its bird’s-eye
view image are represented by the red triangle with a semicircle and the red box, respectively. The
MultiHyRL agent and its bird’s-eye view image are represented by the blue triangle with a semicir-
cle and the blue box, respectively. For the MultiHyRL agent, the extended overlapping sets 8’)‘;
and M‘ix; are drawn for the currently focused obstacle £ € {1,2,...,N}. The red x denotes the

set-point position p* for the current still frame.

C.3 Capture the Flag

In this set of simulations, the normal and MultiHyRL agents play a simplified game of Capture the
Flag against each other. However, in this game, measurement noise and obstacles are present. The
agents are given the same observations as discussed in Section 3.1, namely, the planar position error
with respect to a set-point position, the orientation error, and a bird’s-eye view image. The rules
of the game are as follows. Each player has a flag that is located at their base. At the start of the
game, each player starts in their base. Each player’s set-point position is set to the opposing player’s
flag. If player A grabs player B’s flag, player A’s set-point position is set to player A’s base, and
player B’s set-point position is set to player A’s position. If player B tags player A before player A
reaches its base, player A is reset to its base, and player B’s flag is returned. If player A reaches
its base untagged, player A scores a point, and player B’s flag is returned to player B’s base. If the
players collide and no one holds a flag, they are reset to their bases. Figure 10 shows still frames
from a game of Capture the Flag with measurement noise. The normal and MultiHyRL agents
undergo the exact same measurement noise signal, given by (15). The measurement noise signal
consists of a positional measurement noise of magnitude €, = 0.2 and no orientational measurement
noise, namely, e = 0. Figure 10 shows that the normal agent gets stuck numerous times in front
of an obstacle, which allows the MultiHyRL agent to score points easily. It can also be seen that
the MultiHyRL agent seems unaffected by the noise thanks to the MultiHyRL agent’s robustness
properties.
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Figure 9: Visualization of the state trajectories under different measurement noise settings for the
normal agent (row 1) versus the MultiHyRL agent (row 2) in a static obstacle environment with
varying obstacle radii. The logic variables ¢ and A are randomly initialized for the MultiHyRL agent.
The trajectories alternate colors for readability. The gray circles denote obstacles, the x’s denote
the initial conditions, the o’s denote the terminal positions, and the red x denotes the set-point
position p*.



RLJ | RLC 2024

4 Score 0

Score 0

Score 0

Score 0

Score 0

Score 0

. Score 0 Score 0 . Score 0 Score 1 .

A QPO Ty & fEe 7 | e i L S
<

- -2
-4 - -
e -6 -6

6 S 2 0 i 6 A 2 0 2 H 6 6 6

Pz Pz
6 6
Score 0 Score 2 Score 0 Score 3
4 4 4
2 2 2
> — > S >

$o $o & 0
-2 -2 -2
" " -4
-6 -6 -6

-6 a 2 0 4 6 -5 S ) 0 2 4 6 -5 S E ] 2 4 6

Pz Pz Pz
4 Score 0 Score 4 4 Score 0 Score 5 N Score 1 Score 5
2 i
Score 6

" " -

Figure 10: Still frames of the Capture the Flag simulations in the presence of positional measurement
noise of magnitude €, = 0.2 for the normal and MultiHyRL agents. The logic variables ¢ and X are
randomly initialized for the MultiHyRL Agent. The normal agent, its current set-point position,
and its bird’s-eye view image are represented by the red triangle with a semicircle, the red dotted
line, and the red box, respectively. The MultiHyRL agent, its current set-point position, and its
bird’s-eye view image are represented by the blue triangle with a semicircle, the blue dotted line,
and the blue box, respectively. The flags are denoted by T.



