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Abstract— Reinforcement learning (RL) methods for social
robot navigation show great success navigating robots through
large crowds of people, but the performance of these learning-
based methods tends to degrade in particularly challenging
or unfamiliar situations due to the models’ dependency on
representative training data. To ensure human safety and
comfort, it is critical that these algorithms handle uncommon
cases appropriately, but the low frequency and wide diversity
of such situations present a significant challenge for these
data-driven methods. To overcome this challenge, we propose
modifications to the learning process that encourage these RL
policies to maintain additional caution in unfamiliar situations.
Specifically, we improve the Socially Attentive Reinforcement
Learning (SARL) policy by (1) modifying the training pro-
cess to systematically introduce deviations into a pedestrian
model, (2) updating the value network to estimate and utilize
pedestrian-unpredictability features, and (3) implementing a
reward function to learn an effective response to pedestrian
unpredictability. Compared to the original SARL policy, our
modified policy maintains similar navigation times and path
lengths, while reducing the number of collisions by 82% and
reducing the proportion of time spent in the pedestrians’
personal space by up to 19 percentage points for the most
difficult cases. We also describe how to apply these modifications
to other RL policies and demonstrate that some key high-level
behaviors of our approach transfer to a physical robot.

I. INTRODUCTION

While robot navigation has been explored extensively,
smooth integration of mobile robots into human-populated
spaces is yet to be achieved. Robots that interact with people
are expected to navigate in a way that is predictable and
unobtrusive, maintaining both the safety and comfort of
surrounding people [1]. The social robot navigation field
is seeing a growing number of RL-based approaches that
implicitly predict human motion and plan robot paths without
explicit models of human behavior [2]. These RL-based
approaches have achieved great success in enabling effective
navigation around large crowds of people, outperforming
traditional approaches [3]-[6]. However, the performance of
RL policies is contingent on having representative train-
ing data, so these policies are sensitive to differences in
pedestrian behavior seen during deployment versus training
(a problem generally referred to as domain shift). Domain
shift is always a concern with learning-based methods but is
of particular importance in social robot navigation because
of the wide range of human behavior and the potential
physical hazards and psychological risks associated with
mobile robots operating in close proximity to humans [7].

Thus, to widely deploy RL-based approaches for social
robot navigation, these methods should recognize their own
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Fig. 1: (a) RL-based robot navigation policies are trained
with humans that behave according to some pedestrian
model. (b) During deployment, these policies will encounter
pedestrians that behave differently. Existing RL policies
generally do not consider this and continue to treat all pedes-
trians the same, presenting concerns for human comfort and
safety. (c) RL policies should distinguish between predictable
(green) and unpredictable (pink) pedestrians and maintain
appropriate caution while still navigating efficiently.

level of uncertainty in situations in which pedestrians behave
unpredictably from the perspective of the RL policy. We
say that pedestrians behave unpredictably if their behavior
deviates significantly from their normal or expected behavior
as defined by the RL policy’s implicit model of human
behavior. Once an RL policy recognizes that it is in an unfa-
miliar situation and cannot accurately predict the behavior of
nearby pedestrians, it should respond with appropriate cau-
tion (Figure[I)). Thus, it must distinguish between pedestrians
who exhibit predictable behavior seen during training and
those whose behavior is unpredictable, and learn to navigate
efficiently around predictable pedestrians while maintaining
caution toward unpredictable ones. This would allow such
policies to generalize well to arbitrary pedestrian behavior.
To explore this idea, we incorporate uncertainty-awareness
into an existing RL policy called SARL [6] by (1) modifying
the training process to systematically inject significant devi-
ations into a model of pedestrian behavior, (2) augmenting
the observation space of the value network algorithm to
recognize and quantify deviations of pedestrian behavior
from the assumed model, and (3) adding a term to the reward
function to encourage caution toward progressively more
unpredictable pedestrians while navigating normally around
predictable ones. We conduct ablation studies in simulation
to understand the cumulative impact of these modifications
and find that they substantially improve the performance of
SARL around particularly difficult and previously unseen
pedestrian behavior. Compared to the original policy, our
modified policy maintains similar navigation times and path
lengths while notably reducing the number of collisions and
the proportion of time spent in the simulated pedestrians’
personal space. We then describe how the same modifications



can be made to other socially-aware RL policies and demon-
strate on hardware that our policy successfully identifies and
maintains caution around real-world pedestrians who exhibit
behaviors that are not part of the training distribution

II. RELATED WORK

We first note high-level procedural novelties of our work
and then distinguish our approach from closely related work.

Traditional approaches to social robot navigation explicitly
predict human trajectories and then plan paths around them.
Because these approaches use explicit human models, they
can be adapted to detect when a pedestrian consistently
deviates from these models, and then respond by calculating
a conservative path that still maintains pedestrian comfort
and safety [8]-[15]. Some RL-based policies also incorporate
explicit pedestrian trajectory predictions [16], [17], but the
vast majority do not. Our work extends the anomaly detection
and response process to RL-based policies that implicitly
model agent interactions and are thus not directly amenable
to techniques designed for explicit human models.

The evaluation procedures in most prior work in RL-based
social robot navigation are ill-suited for determining policy
performance under significant deviations from the assumed
pedestrian model (i.e., under domain shift) because (i) the
evaluations are conducted using the same pedestrian model as
was used during training, albeit in randomly generated sce-
narios and (ii) they usually only report average performance
values, which reveal very little about policy performance
in particularly difficult and unfamiliar situations [18]-[24].
To better evaluate and quantify policy performance under
domain shift, we evaluate our policies on pedestrian models
that are outside of the training distribution, and we report
Conditional Value at Risk (CVaR) values, which describe
expected performance on the hardest cases [25].

One approach to addressing the domain shift problem in
RL-based social robot navigation could be to train on more
realistic data (e.g., higher-fidelity pedestrian models or real-
world pedestrian data) [26], [27]. While this approach would
expand what is included in the training distribution, there
are undoubtedly myriad situations and behaviors that still lie
outside the training distribution, so the need to identify and
account for these unfamiliar situations still persists. In our
paper, we attempt to express this gap in realism by training
on a relatively simple and homogeneous pedestrian model
and testing on scenarios that include a mix of three different
pedestrian models with randomized parameters.

A collection of papers manage pedestrian unpredictability
by training the robot to avoid regions around pedestrians
called “Danger Zones” or “Warning Zones” that comprise
all their physically plausible next states [28]-[30]. The size
and shape of these Zones depend on pedestrian velocity
and observed demographic (e.g., child vs. adult). In our
approach, we directly adjust each pedestrian’s discomfort
distance instead of defining additional Zones, and these

ICode for reproducing our methods and analysis is available on GitHub:
https://github.com/sarapohland/stranger-danger.
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(a) noisy ORCA (b) ORCA + CADRL + Linear Iovo
Fig. 2: Estimated unpredictability values for (a) Noisy ORCA
pedestrians and (b) ORCA, CADRL, and Linear pedestrians.
Lines indicate paths of the agent, and circles indicate ending
positions. The robot is colored black, and the pedestrians are
colored according to their average estimated unpredictability
value. Notice that pedestrians who walk haphazardly (pink
pedestrians in (a)) and those who walk straight through the
middle without engaging in collision avoidance maneuvers
(pink pedestrians in (b)) have high associated unpredictability
values. Those that behave more normally (blue pedestrians
in (a) and (b)) have lower associated values.

adjustments are based on inferred unpredictability values that
describe the RL policy’s training limits, rather than being
directly related to the pedestrians’ observed physical features.

One prior work quantifies pedestrian deviation from a
given model, and then adaptively switches from a fast to
slow RL policy when any pedestrian within a neighborhood
of the robot is deemed unpredictable [31]. This approach
forces the robot to respond either efficiently or cautiously
towards all surrounding pedestrians, even if the majority of
nearby pedestrians are acting predictably. In contrast, our
approach identifies specific individuals around which the
robot should be more cautious and integrates this information
directly into the RL policy, allowing the robot to exercise
individualized caution as appropriate while still navigating
efficiently around all other predictable pedestrians.

Our work builds on SARL [6], which is an RL-based
method for crowd-aware robot navigation that predicts the
optimal robot action given the current state of the robot and
the configuration of the crowd. While SARL performs well
around the types of pedestrians on which it was trained, it is
highly dependent on its training data [19], generalizes poorly
to novel situations (as we demonstrate in Section[[V)), and has
no way of recognizing when it is in an unfamiliar situation.

III. OUR UNCERTAINTY-AWARE RL POLICY

To reduce SARL’s dependence on its training data, allow
the policy to recognize when it is in an unfamiliar situation,
and improve the ability of the policy to generalize to novel
scenarios, we modify the training process (§III-A), the model

architecture (§III-B)), and the reward function (§I1I-C)).

A. Training Process

Our uncertainty-aware RL policy is trained in a modified
CrowdSim environment [6], where we generate arbitrarily
many pedestrians with randomized initial positions and goals.



By default, pedestrians choose their action at each time step
based on the ORCA policy [32] — a navigation strategy
commonly used to model human navigation behavior [2].
For a pedestrian with a preferred velocity of v, r, an ORCA
action, dorca € {V € R? 1 |[V||2 < vprer}, comprises x and y
velocities and makes progress towards a goal while avoiding
collisions with other agents. To generate quantifiable devi-
ations from this policy and systematically produce highly-
heterogenous pedestrians for training, we augment the policy
with Gaussian noise. Each pedestrian is instantiated with
a deviation value p ~ U(0,Pmax) fOr ppax € [0,1], which
represents how much the pedestrian deviates from the default
ORCA policy. At each time step, the pedestrian takes an ac-
tion d = (1 —p)HORCA +pZz’m,,d, where d, g ~ N(Oz, vp,eflz)
is a 2D Gaussian-random action. We call this noisy policy
Noisy ORCA to differentiate it from the standard ORCA
policy. The left plot in Figure [2] provides one example of
Noisy ORCA pedestrians. We intentionally do not ensure
that this action is collision-free and rational, as real people
may take actions that appear irrational and result in collision.
We found that successfully training an RL policy on
Noisy ORCA pedestrians is not trivial. These pedestrians
generate spurious signals from their random motion, making
it difficult for the robot to simultaneously learn how to
exploit behavioral patterns in ORCA while also avoiding
the unpredictable deviations from ORCA. To overcome this
problem, we trained the RL policies using curriculum train-
ing, starting with standard ORCA pedestrians and gradually
increasing the difficulty of the navigation scenario throughout
the training process. Specifically, we increased the maxi-
mum deviation value (p,,,) of pedestrians by 0.1 every
2,000 training episodes. We ran 12,000 episodes, concluding
training with a maximum deviation value of p,;,, = 0.5.

B. Model Architecture

We assume the robot has access to its own position, veloc-
ity, radius, orientation, preferred velocity, and goal position.
We also assume the robot has access to the position, velocity,
and radius of each pedestrian that has been observed by the
robot over time. We choose to use only these observations
because they can be readily obtained by physical robots
navigating around people in the real world.

Our RL policy is trained using a value iteration algorithm
with the value network shown in Figure [3] Notably, we add
a layer of multi-layer perceptrons (MLP;), which we train
separately from the rest of the network such that MLP;
predicts deviation values p for each pedestrian while the
rest of the network estimates the value function using ground
truth p values. We train these components separately so the
value network learns how to utilize the quantified deviation
of each pedestrian from the ORCA policy, as opposed to
simply learning latent features of Noisy ORCA pedestrians.
The purpose of MLP;, which we refer to as the uncertainty
estimation network, is to quantify deviation of any observed
pedestrian (not just Noisy ORCA ones) from the ORCA
policy. See Figure [2b for sample unpredictability estimations
for pedestrians operating under previously unseen policies.
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Fig. 3: Our augmented value network. Given a history of
observations for pedestrian i, MLP; estimates the ORCA
policy deviation p; associated with that pedestrian. This p;
is combined with the current observation of the pedestrian
and passed into MLP,. The rest of the network generates a
compact representation, ¢, of the entire set of pedestrians,
which is combined with the robot’s state, s, to obtain an
estimate of the value function, V(s,01[0:1],...,0,[0:1]).

C. Reward Function

The reward function used to train our RL policies en-
courages the robot to reach its goal while maintaining social
norms and avoiding collisions with people. In an environment
with n pedestrians, where d; is the distance from the robot
to the ith person and d is the distance from the robot to its
goal, the default (i.e., p-independent) reward is:

= KsuceH (=) + Koo Eiy H(=di) + Kaioe Ei min{ 0, di = dic |-

where H is the step function and dy;c = 0.1 is a constant
referred to as discomfort distance. In this function, the first
term rewards the robot for reaching its goal, the second pe-
nalizes it for colliding with a person, and the third encourages
it to maintain a comfortable distance from each person.

To incorporate the intuition of avoiding close interac-
tions with unpredictable pedestrians while freely navigating
around predictable ones, we modify the discomfort distance
in the reward function to be p-dependent. Given a deviation
value p; for the ith pedestrian, their discomfort distance in
the modified function is dy.(p;) = ap; + b, where a = 1.0
and b = 0.2 for our experiments. Everything else from the
initial reward function remains unchanged. We call this p-
dependent reward function the modified reward function.

IV. EXPERIMENTAL EVALUATION

We conduct two simulated ablation studies of our RL pol-
icy to analyze how the policy behaves in various situations.
We also implement our RL policy on a physical robot and
discuss some takeaways from our hardware experiment.

A. Simulation Experimental Setups

We evaluate our RL policies in a modified CrowdSim
environment by conducting randomized episodes across six
distinct categories of robot-pedestrian interactions (circle
and perpendicular crossing, oncoming and outgoing flow,
single and perpetual random goals) comprising a superset
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Fig. 4: Success rates of various policies navigating among Noisy ORCA pedestrians as pedestrian unpredictability increases
across 500 trials. (Left) Ablation study of our uncertainty-aware policy. Performance improves as uncertainty is integrated
by successively modifying the Training process, the Model architecture, and the Reward function. (Right) Comparison of
our uncertainty-aware policy against standard SARL policies with a variety of fixed discomfort distance parameters.

of scenarios presented in prior works [24], [33]. We per-
form two sets of experiments in this environment using
(1) Noisy ORCA pedestrians and (ii) pedestrians operating
according to more realistic but varied policies. Noisy ORCA
pedestrians are quantifiably diverse, allowing us to evaluate
our policies under a formalized concept of domain shift.
However, because real people do not move with Gaussian
random noise, Noisy ORCA pedestrians cannot be expected
to reflect true deviations in human behavior. For more
realistic deviations, we design experiments where pedestrians
operate under standard ORCA [32], CADRL [34], and Linear
policies with a wide range of different parameters. In these
experiments, each pedestrian is uniformly randomly assigned
one of these three policies, and the parameters for their
assigned policy are uniformly randomized as well. These
pedestrians present realistic but previously unseen and highly
heterogenous pedestrian behavior in our suite of scenarios.

B. Performance Metrics

To compare navigation policies, we evaluate the robot’s
ability to efficiently navigate to its goal while preserving the
safety and comfort of surrounding pedestrians using the fol-
lowing metrics: (1) Success rate: percentage of trials where
the robot successfully reaches its goal within 30 seconds.
(2) Timeout rate: percentage of trials where the robot fails
to reach the goal in the allotted time. (3) Collision rate:
percentage of trials where the robot collides with at least
one pedestrian. (4) Relative navigation time: time required to
navigate to the goal (relative to the fastest time). (5) Relative
path length: distance traveled by the robot to its goal (relative
to the shortest path). (6) Number of collisions: total number
of collisions between the robot and any pedestrian across all
trials. (7) Personal space cost: overall personal space cost
incurred by the robot (as defined by [35] with parameters
from [36]). (8) Personal space violation: percentage of time
spent within the personal space of a pedestrian (as defined
by [37]). (9) Intimate space violation: percentage of time
spent within the intimate space of a pedestrian (as defined
by [37]). Metrics 1 — 5 describe robot path efficiency, while
metrics 6 — 9 quantify the comfort of nearby pedestrians.

C. Simulation Results & Analysis

Our ablation studies analyze the cumulative impact of
modifying the training process (§III-A), the model architec-
ture (§III-B)), and the reward function (§IIT-C) of the original
SARL policy. Since these modifications have sequential
dependencies, we define our ablation study as follows: the
original policy with no modification is referred to as SARL,
the policy with only the modified training process is referred
to as Training, the policy with both the modified training
process and model architecture is referred to as Model, and
the policy with all three modifications (training process,
model architecture, and reward function) is referred to as
Reward or “our full uncertainty-aware policy.” We show that
the combination of these three policy modifications improves
policy performance on particularly complex scenarios.

1) Ablation Study on Noisy ORCA Pedestrians: We run
500 trials with increasingly noisy pedestrians to quantify
the policies’ performance under domain shift. In the left
plot of Figure i} we see that ORCA and all variations of
the socially-aware RL policy perform comparably when the
pedestrians navigate with only small deviations from ORCA
(i-e., Pmax < 0.3). However, as the maximum randomness
of the pedestrians increases, the performance of all of the
policies drops significantly except for that of Reward. We
see the most significant performance drops for ORCA and
standard SARL, which is expected because they implicitly
expect pedestrians to behave according to the original ORCA
policy. We also see a reasonably large drop for Training and
Model, which indicates that the modified reward function in
Reward is crucial for learning robot responses that generalize
well to significant changes in pedestrian behavior.

2) Comparing Different Discomfort Distances: Since the
greatest performance improvement comes from using a p-
dependent discomfort distance in the reward function, it
is natural to suspect that we can improve performance by
simply tuning the constant p-independent distance in the
original reward function. We explore this in the right plot of
Figure ] The policy trained with a discomfort distance of Om
frequently collides with pedestrians, while policies trained
with discomfort distances greater than 0.1m often time out



Navigation || Success Timeout Collision Relative Relative Number of Personal Personal Space Intimate Space
Policy Rate Rate Rate Navigation Time Path Length | Collisions Space Cost Violation Violation
ORCA 69% 0% 31% 1.09 1.04 156 24.5 31.4% 12.4%
(1.32 / 1.56) (1.24 / 1.36) (91.9/1247) (66.2% / 73.2%) (37.3% / 44.3%)
SARL 74% 0% 26% 1.40 1.27 153 10.4 17.0% 3.7%
(1.92 7 2.06) (1.64 /1 1.72) (47.2/582)  (47.6% / 552%) (18.5% [/ 23.5%)
Training 85% 2% 13% 1.41 1.30 39 13.5 13.5% 2.4%
(2.11/2.22) (1.79 7 1.92) (49.5/57.6) (385% /42.7%) (11.9% / 16.0%)
Model 75% 5% 20% 1.42 1.30 84 13.4 13.1% 2.9%
(2.04 /2.27) (1.70 / 1.81) (61.0/76.8) (382% /42.9%) (13.7% / 15.0%)
Reward 87% 2% 11% 1.39 1.31 28 1.1 10.8% 1.7%
(1.77 / 1.86) (1.61 / 1.66) (32.7/41.3) (31.3% / 36.1%) (9.3% / 12.3%)

TABLE I: Ablation study of our uncertainty-aware social navigation policy and two baseline policies (ORCA and SARL)
on 100 randomized scenarios with up to 20 pedestrians running ORCA, CADRL, and Linear policies. In addition to average
values, we report (10% CVaR / 5% CVaR) values to describe expected performance on the hardest 10% and 5% of all trials.
We see that integrating uncertainty-awareness allows the policy to generalize better to novel and challenging situations.

from being too cautious, resulting in low success rates. The
policy trained with a discomfort distance of 0.1m does well
when P4 < 0.3 but does not generalize to higher variability.
Our adaptive discomfort distance results in the best perfor-
mance across all levels of pedestrian unpredictability.

3) Ablation Study on Diverse, Realistic Pedestrians: We
further evaluate the impact of uncertainty integration on
navigation by conducting trials with more realistic pedestrian
behavior and summarize our results in Table [l These trials
contain a mix of up to twenty pedestrians in 100 randomized
scenarios. Each pedestrian is uniformly randomly assigned
to navigate according to the standard ORCA, CADRL, or
Linear policy. In addition to average performance, we report
Conditional Value at Risk (CVaR), reflecting the average
performance on the hardest 10% and 5% of all trials, to
quantify performance in particularly challenging situations.

ORCA consistently has lower success rates, higher colli-
sion rates, shorter navigation times, and shorter path lengths
compared to the RL policies (i.e., SARL and its modifica-
tions). Upon visually inspecting trials, we see that the ORCA
policy takes very direct and aggressive paths towards the
goal, making little effort to maintain pedestrian comfort.
This is reflected in the high personal space cost, personal
space violation, and intimate space violation. Thus, ORCA
is unsuitable to use as a social navigation policy baseline,
so we focus the rest of our analysis comparing our policy
modifications to the SARL baseline instead.

SARL performs significantly worse in the scenarios pre-
sented in Table [I] than in those containing Noisy ORCA
pedestrians presented in Figure A This underscores the
difficulty for learning-based algorithms to overcome domain
shift, even in simulated environments. The standard SARL
policy exhibits lower success rates, higher collision rates,
far more total collisions, and more personal and intimate
space violations compared to all modified policies (Training,
Model, and Reward). The performance of each of these three
modified policies also vary in turn.

Training reduces the number of collisions by 75% relative
to standard SARL. This indicates that including noisy and
potentially unrealistic behavior in the training distribution
(i.e., performing data augmentation) can improve perfor-
mance in more realistic scenarios. However, Training has

slightly worse path efficiency performance compared to the
original policy. By visually inspecting some of the trials,
we infer that this policy learns responses that are overly
cautious toward all pedestrians, including those that behave
predictably. This indicates that simply training policies with
unpredictable pedestrians is not sufficient for learning effi-
cient yet generalizable behavior.

Model, despite having access to additional uncertainty
information, generally performs worse than Training. In par-
ticular, Model collides twice as often as Training. This may
indicate that Model overfits to spurious patterns involving
the unpredictability feature p of Noisy ORCA pedestrians,
and thus fails to learn information about unpredictability that
generalizes to more realistic human policies.

Reward exhibits the best performance overall. Unlike
Training, Reward is moderately more efficient than stan-
dard SARL in hard cases. Reward also recovers from the
high collision rate exhibited by Model, indicating that the
modified reward function is critical in learning generalizable
behavior from the unpredictability feature p. Overall, Reward
reduces the number of collisions by 82% relative to standard
SARL and reduces the time spent in pedestrians’ personal
space by 6.2 percentage points on average and by 16.3 to
19.1 percentage points for hard cases. It also reduces time
spent in their intimate space by 2.0 percentage points on
average and by 9.2 to 11.2 percentage points for hard cases.

Thus, our proposed modifications are able to generate RL
policies that notably improve pedestrian safety and comfort
in particularly challenging scenarios while still maintaining
good expected performance overall.

D. Robotic Experiment

To evaluate the ability of our uncertainty-aware policy to
identify and respond to novel situations in the real world, we
implement our full uncertainty-aware policy on a TurtleBot
with a single, front-facing RGBD camera. We use a pre-
trained YOLOV3 neural network [38] to detect pedestrians
and design an algorithm to obtain their state information
and track them over time. We compare the behavior of the
standard SARL policy to our full uncertainty-aware policy
in three familiar scenarios containing predictable pedestrians
(Crossing, Passing, and Overtaking) and two unfamiliar



scenarios containing unpredictable pedestrians (Standing and
Stopping). Since ORCA pedestrians seen during training
are constantly moving, Standing and Stopping behaviors are
not part of the training distribution, so policies trained on
ORCA pedestrians are limited in their ability to accurately
predict future actions of pedestrians exhibiting these behav-
iors. Hardware evaluations on more unusual and haphazard
pedestrian motions (e.g., zig-zagging) are not performed
because the robot’s responsiveness is limited by long image-
processing times and a narrow camera field-of-view. A more
capable hardware platform would support more extensive
experimentation in future work. Regardless, we find that
our full uncertainty-aware policy behaves similarly to SARL
in familiar situations, while our policy successfully identi-
fies unpredictable pedestrians and keeps a larger distance
from them in novel situations, as compared to the original
SARL policy. Therefore, the key high-level behaviors of
our approach transfer from simulation to hardware in these
scenarios. Video clips for the Crossing and Stopping episodes
of our robotic experiment are included in our vided

V. EXTENSIONS TO OTHER RL POLICIES

In our work, we demonstrate the need to train and evaluate
RL-based social navigation policies with the consideration of
domain shift. While we focus on modifying SARL [6], our
proposed modifications are not restricted to this particular
policy. Even given significant advances in model architec-
tures for RL-based social navigation, the overall framework
of many policies remains conducive to these modifications.

Training process: We develop a curriculum training pro-
cess, where the RL policy is initially trained as normal. As
training progresses, Gaussian noise is increasingly added to
the pedestrians’ actions. While there are many approaches
for modeling pedestrian behavior during RL policy training,
the training process of any policy can be modified in this
way as long as the action values for pedestrians in the
environment are accessible. Regardless of how pedestrian
actions are determined, each pedestrian can be initialized
with a corresponding deviation value p and their actions
adjusted with p-dependent Gaussian random noise.

Model architecture: We propose a modification to the
RL policy model architecture by (1) training an uncertainty
estimation network and (2) incorporating the uncertainty
estimations as agent-level features in the observation space.
The uncertainty estimation network can be developed entirely
independently from the RL policy, so this component is
completely policy-agnostic. For the uncertainty estimations
to be seamlessly incorporated into the original RL policy,
the observation space of the original policy must contain
agent-level features (e.g., position and velocity values for
each nearby pedestrian). This is true for many existing
policies. Additional modifications would have to be made for
end-to-end RL policies that operate directly on raw sensor
measurements (e.g., images or 2D lidar).

2A video summarizing our methods and results is available on YouTube:
https://youtu.be/9IDhXvCC58w.

Reward function: We propose a modification to the
reward function that encourages the robot to maintain ad-
ditional space around pedestrians that deviate from the
assumed model of pedestrian behavior. To make this same
modification in other RL policies, their reward function
simply must contain some notion of “safety space,” “dis-
comfort distance,” or “clearance” that captures a sense of
maintaining proper distance from pedestrians. If this is the
case, the modification of increasing each agent’s discomfort
distance based on their deviation value p is subsequently
straightforward, though specific constants may need to be
tuned for the particular model of interest.

VI. CONCLUSIONS

In this work, we articulate the domain shift problem
for RL policies in social robot navigation and present an
approach that improves generalizability of RL policies to
novel scenarios while maintaining their efficiency in familiar
ones. We find that SARL [6] generalizes poorly to significant
deviations in pedestrian behavior, thereby presenting serious
concerns for pedestrian safety and comfort in a real-world
deployment. We posit that for socially-aware RL policies
to be viable in real-world mobile robots, these policies
must recognize when people deviate from the (implicitly)
assumed pedestrian model and take appropriate caution. We
present effective methods for modifying the training process,
the model architecture, and the reward function of SARL
that substantially improve the generalizability of the policy.
Comparing our modified policy to the original SARL policy
on randomized scenarios containing realistic ORCA and non-
ORCA human policies, our modifications reduce the number
of collisions by 82% and reduce the proportion of time spent
in the pedestrians’ personal space by 16 percentage points for
the hardest 10% of all trials and by 19 percentage points for
the hardest 5% of trials. This increase in pedestrian comfort
is achieved while maintaining similar navigation times and
path lengths. We also discuss how these same modifications
can be applied to other socially-aware RL policies.

While we believe our work takes an important step toward
enabling the deployment of socially-aware RL policies on
mobile robots, there are some limitations that should be
addressed. First, we modify the reward function to encourage
the robot to maintain greater space between itself and
unpredictable pedestrians. While this heuristic for caution
is reasonable in many situations, it is less effective in tight
spaces, where the robot is unable to maintain such a distance.
It would be interesting to explore other heuristics, such as
slowing down, speeding up, or some combination of ad-
justing distance and speed when approaching unpredictable
pedestrians. Another limitation is that we use the ORCA
policy as our primary pedestrian model for this study because
this is the model commonly used in other RL-based social
navigation work. However, this model is relatively simplistic.
It would be interesting to train RL policies using other
models of pedestrian behavior and evaluate generalizability
to even more diverse and realistic pedestrian scenarios.



[1]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

(12]

REFERENCES

J. Rios-Martinez, A. Spalanzani, and C. Laugier, “From Proxemics
Theory to Socially-Aware Navigation: A Survey,” International
Journal of Social Robotics, vol. 7, no. 2, pp. 137-153,
April 2015. [Online]. Available: http://link.springer.com/10.1007/
s12369-014-0251-1

C. Mavrogiannis, F. Baldini, A. Wang, D. Zhao, P. Trautman,
A. Steinfeld, and J. Oh, “Core challenges of social robot navigation:
A survey,” ACM Transactions on Human-Robot Interaction, vol. 12,
no. 3, pp. 1-39, April 2023. [Online]. Available: https://doi.org/10.
1145/3583741

Y. F. Chen, M. Liu, M. Everett, and J. P. How, “Decentralized
non-communicating multiagent collision avoidance with deep
reinforcement learning,” in 2017 IEEE International Conference
on Robotics and Automation (ICRA). 1EEE, May 2017, pp. 285-292.
[Online]. Available: https://doi.org/10.1109/ICRA.2017.7989037

A. Faust, O. Ramirez, M. Fiser, K. Oslund, A. Francis, J. Davidson,
and L. Tapia, “Prm-rl: Long-range robotic navigation tasks by
combining reinforcement learning and sampling-based planning,” in
2018 IEEE International Conference on Robotics and Automation
(ICRA). 1EEE, May 2018, pp. 5113-5120. [Online]. Available:
https://ieeexplore.ieee.org/document/8461096

H.-T. L. Chiang, A. Faust, M. Fiser, and A. Francis, ‘“Learning
navigation behaviors end-to-end with autorl,” IEEE Robotics and
Automation Letters, vol. 4, no. 2, pp. 2007-2014, April 2019.
[Online]. Available: https://ieeexplore.ieee.org/document/8643443

C. Chen, Y. Liu, S. Kreiss, and A. Alahi, “Crowd-robot
interaction: Crowd-aware robot navigation with attention-based
deep reinforcement learning,” in 2019 International Conference on
Robotics and Automation (ICRA). 1EEE, May 2019, p. 6015-6022.
[Online]. Available: https://doi.org/10.1109/ICRA.2019.8794134

P. Salvini, D. Paez-Granados, and A. Billard, “Safety concerns
emerging from robots navigating in crowded pedestrian areas,”
International Journal of Social Robotics, vol. 14, no. 2, pp.
441-462, March 2022. [Online]. Available: https://doi.org/10.1007/
$12369-021-00796-4

J. F. Fisac, A. Bajcsy, S. L. Herbert, D. Fridovich-Keil, S. Wang,
C. J. Tomlin, and A. D. Dragan, “Probabilistically safe robot planning
with confidence-based human predictions,” in /4th Robotics: Science
and Systems (RSS). Robotics: Science and Systems Foundation,
June 2018. [Online]. Available: http://www.roboticsproceedings.org/
rss14/p69.html

A. Bajcsy, S. L. Herbert, D. Fridovich-Keil, J. F. Fisac, S. Deglurkar,
A. D. Dragan, and C. J. Tomlin, “A Scalable Framework For
Real-Time Multi-Robot, Multi-Human Collision Avoidance,” in 2019
International Conference on Robotics and Automation (ICRA).
Montreal, QC, Canada: IEEE, May 2019, pp. 936-943. [Online].
Available: https://ieeexplore.ieee.org/document/8794457/

D. Fridovich-Keil, A. Bajcsy, J. F. Fisac, S. L. Herbert, S. Wang,
A. D. Dragan, and C. J. Tomlin, “Confidence-aware motion
prediction for real-time collision avoidance,” The International
Journal of Robotics Research, vol. 39, no. 2-3, pp. 250-265, March
2020. [Online]. Available: http://journals.sagepub.com/doi/10.1177/
0278364919859436

H. Nishimura, B. Ivanovic, A. Gaidon, M. Pavone, and M. Schwager,
“Risk-sensitive sequential action control with multi-modal human
trajectory forecasting for safe crowd-robot interaction,” in 2020
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS). 1EEE, October 2020, pp. 11205-11212. [Online]. Available:
https://ieeexplore.ieee.org/document/934 1469

A. Bajcsy, S. Bansal, E. Ratner, C. J. Tomlin, and A. D.
Dragan, “A robust control framework for human motion prediction,”

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

IEEE Robotics and Automation Letters, vol. 6, no. 1, pp. 24—
31, September 2020. [Online]. Available: |https://ieeexplore.ieee.org/
document/9210199

S. Li, N. Figueroa, A. Shah, and J. Shah, “Provably Safe and
Efficient Motion Planning with Uncertain Human Dynamics,” in
17th Robotics: Science and Systems (RSS). Robotics: Science
and Systems Foundation, July 2021. [Online]. Available: http:
/Iwww.roboticsproceedings.org/rss17/p050.pdf

H. Hu and J. F. Fisac, “Active uncertainty reduction for human-robot
interaction: An implicit dual control approach,” in Algorithmic
Foundations of Robotics XV, vol. 25.  Springer International
Publishing, December 2022, pp. 385-401. [Online]. Available:
https://link.springer.com/chapter/10.1007/978-3-031-21090-7_23

H. Hu, K. Nakamura, and J. F. Fisac, “Sharp: Shielding-aware
robust planning for safe and efficient human-robot interaction,” IEEE
Robotics and Automation Letters, vol. 7, no. 2, pp. 5591-5598,
April 2022. [Online]. Available: https://ieeexplore.ieee.org/document/
9723544

K. Li, M. Shan, K. Narula, S. Worrall, and E. Nebot, “Socially
aware crowd navigation with multimodal pedestrian trajectory
prediction for autonomous vehicles,” in 2020 IEEE 23rd International
Conference on Intelligent Transportation Systems (ITSC). IEEE,
September 2020, pp. 1-8. [Online]. Available: https://ieeexplore.ieee.
org/document/9294304

S. Liu, P. Chang, Z. Huang, N. Chakraborty, K. Hong, W. Liang,
D. L. McPherson, J. Geng, and K. Driggs-Campbell, “Intention aware
robot crowd navigation with attention-based interaction graph,” in
2023 IEEE International Conference on Robotics and Automation
(ICRA). 1EEE, May 2023, pp. 12015-12021. [Online]. Available:
https://ieeexplore.ieee.org/document/10160660

Y. F. Chen, M. Everett, M. Liu, and J. P. How, “Socially
aware motion planning with deep reinforcement learning,” in 2017
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS). 1EEE, September 2017, pp. 1343—1350. [Online]. Available:
https://ieeexplore.ieee.org/document/8202312

K. Li, Y. Xu, J. Wang, and M. Q.-H. Meng, “Sarl: Deep reinforcement
learning based human-aware navigation for mobile robot in indoor
environments,” in 2019 IEEE International Conference on Robotics
and Biomimetics (ROBIO), December 2019, pp. 688—694. [Online].
Available: https://ieeexplore.ieee.org/document/8961764

A. J. Sathyamoorthy, J. Liang, U. Patel, T. Guan, R. Chandra,
and D. Manocha, “Densecavoid: Real-time navigation in dense
crowds using anticipatory behaviors,” in 2020 IEEE International
Conference on Robotics and Automation (ICRA). 1EEE, May 2020,
pp. 11345-11352. [Online]. Available: https://ieeexplore.ieee.org/
document/9197379

L. Liu, D. Dugas, G. Cesari, R. Siegwart, and R. Dube, “Robot
navigation in crowded environments using deep reinforcement
learning,” in 2020 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS). 1EEE, October 2020, pp. 5671-5677.
[Online]. Available: https://ieeexplore.ieee.org/document/9341540

C. Chen, S. Hu, P. Nikdel, G. Mori, and M. Savva, “Relational
graph learning for crowd navigation,” in 2020 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS). IEEE,
October 2020, pp. 10007-10013. [Online]. Available: https:
/lieeexplore.ieee.org/document/9340705

J. Choi, C. Dance, J-E. Kim, S. Hwang, and K.-S. Park,
“Risk-conditioned distributional soft actor-critic for risk-sensitive
navigation,” in 2021 IEEE International Conference on Robotics and
Automation (ICRA). 1EEE, May 2021, pp. 8337-8344. [Online].
Available: https://ieeexplore.ieee.org/document/9560962

Y. Gao and C.-M. Huang, “Evaluation of Socially-Aware Robot
Navigation,” Frontiers in Robotics and Al, vol. 8, January 2022.


http://link.springer.com/10.1007/s12369-014-0251-1
http://link.springer.com/10.1007/s12369-014-0251-1
https://doi.org/10.1145/3583741
https://doi.org/10.1145/3583741
https://doi.org/10.1109/ICRA.2017.7989037
https://ieeexplore.ieee.org/document/8461096
https://ieeexplore.ieee.org/document/8643443
https://doi.org/10.1109/ICRA.2019.8794134
https://doi.org/10.1007/s12369-021-00796-4
https://doi.org/10.1007/s12369-021-00796-4
http://www.roboticsproceedings.org/rss14/p69.html
http://www.roboticsproceedings.org/rss14/p69.html
https://ieeexplore.ieee.org/document/8794457/
http://journals.sagepub.com/doi/10.1177/0278364919859436
http://journals.sagepub.com/doi/10.1177/0278364919859436
https://ieeexplore.ieee.org/document/9341469
https://ieeexplore.ieee.org/document/9210199
https://ieeexplore.ieee.org/document/9210199
http://www.roboticsproceedings.org/rss17/p050.pdf
http://www.roboticsproceedings.org/rss17/p050.pdf
https://link.springer.com/chapter/10.1007/978-3-031-21090-7_23
https://ieeexplore.ieee.org/document/9723544
https://ieeexplore.ieee.org/document/9723544
https://ieeexplore.ieee.org/document/9294304
https://ieeexplore.ieee.org/document/9294304
https://ieeexplore.ieee.org/document/10160660
https://ieeexplore.ieee.org/document/8202312
https://ieeexplore.ieee.org/document/8961764
https://ieeexplore.ieee.org/document/9197379
https://ieeexplore.ieee.org/document/9197379
https://ieeexplore.ieee.org/document/9341540
https://ieeexplore.ieee.org/document/9340705
https://ieeexplore.ieee.org/document/9340705
https://ieeexplore.ieee.org/document/9560962

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[Online]. Available: https://www.frontiersin.org/articles/10.3389/frobt.
2021.721317/tull

A. Majumdar and M. Pavone, “How should a robot assess risk?
towards an axiomatic theory of risk in robotics,” in Robotics
Research, vol. 10. Springer International Publishing, November
2019, pp. 75-84. [Online]. Available: http://link.springer.com/10.
1007/978-3-030-28619-4_10

N. Tsoi, A. Xiang, P. Yu, S. S. Sohn, G. Schwartz, S. Ramesh,
M. Hussein, A. W. Gupta, M. Kapadia, and M. Vizquez,
“Sean 2.0: Formalizing and generating social situations for robot
navigation,” IEEE Robotics and Automation Letters, vol. 7,
no. 4, pp. 11047-11054, October 2022. [Online]. Available:
https://ieeexplore.ieee.org/document/9851501

J. Holtz and J. Biswas, “Socialgym: A framework for benchmarking
social robot navigation,” in 2022 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS). 1EEE, October 2022,
pp. 11246-11252. [Online]. Available: https://ieeexplore.ieee.org/
document/9982021

S. S. Samsani and M. S. Muhammad, “Socially compliant robot
navigation in crowded environment by human behavior resemblance
using deep reinforcement learning,” IEEE Robotics and Automation
Letters, vol. 6, no. 3, pp. 5223-5230, July 2021. [Online]. Available:
https://ieeexplore.ieee.org/document/9399789

E. E. Montero, H. Mutahira, N. Pico, and M. S. Muhammad,
“Dynamic warning zone and a short-distance goal for autonomous
robot navigation using deep reinforcement learning,” vol. 10,
no. 1, pp. 1149-1166, August 2023. [Online]. Available: https:
/Mink.springer.com/10.1007/s40747-023-01216-y

L. Kistner, J. Li, Z. Shen, and J. Lambrecht, “Enhancing navigational
safety in crowded environments using semantic-deep-reinforcement-
learning-based navigation,” 2022 IEEE International Symposium on
Safety, Security, and Rescue Robotics (SSRR), pp. 87-93, September
2021. [Online]. Available: https://api.semanticscholar.org/CorpusID:
237605259

K. D. Katyal, G. D. Hager, and C.-M. Huang, “Intent-aware
pedestrian prediction for adaptive crowd navigation,” in 2020 IEEE
International Conference on Robotics and Automation (ICRA). Paris,
France: IEEE, May 2020, pp. 3277-3283. [Online]. Available:
https://ieeexplore.ieee.org/document/9197434/

J. van den Berg, J. Snape, S. J. Guy, and D. Manocha,
“Reciprocal collision avoidance with acceleration-velocity obstacles,”
in 2011 IEEE International Conference on Robotics and Automation
(ICRA). IEEE, May 2011, pp. 3475-3482. [Online]. Available:
https://ieeexplore.ieee.org/document/5980408

J. Wang, W. P. Chan, P. Carreno-Medrano, A. Cosgun, and E. Croft,
“Metrics for evaluating social conformity of crowd navigation
algorithms,” in 2022 IEEE International Conference on Advanced
Robotics and Its Social Impacts (ARSO). 1EEE, May 2022, pp. 1-6.
[Online]. Available: https://ieeexplore.ieee.org/document/9802981

Y. F. Chen, M. Liu, M. Everett, and J. P. How, “Decentralized
non-communicating multiagent collision avoidance with deep
reinforcement learning,” in 2017 IEEE International Conference
on Robotics and Automation (ICRA). 1EEE, May 2017, pp. 285-292.
[Online]. Available: https://ieeexplore.ieee.org/document/7989037/

R. Kirby, “Social robot navigation,” Ph.D. dissertation, Carnegie
Mellon University, Pittsburgh, PA, May 2010. [Online]. Available:
https://www.ri.cmu.edu/publications/social-robot-navigation/

M. Liu, S. Wang, Y. Oeda, and T. Sumi, “Simulating uni-
and bi-directional pedestrian movement on stairs by considering
specifications of personal space,” Accident Analysis & Prevention,
vol. 122, pp. 350-364, January 2019. [Online]. Available: https:
/Iwww.sciencedirect.com/science/article/pii/S0001457517303998

(371

[38]

M. Beermann and A. Sieben, “The connection between stress,
density, and speed in crowds,” Scientific Reports, vol. 13, no. 1,
August 2023. [Online]. Available: https://www.nature.com/articles/
s41598-023-39006-8

J. Redmon, S. Divvala, R. Girshick, and A. Farhadi, “You
Only Look Once: Unified, Real-Time Object Detection,” in 2016
IEEE Conference on Computer Vision and Pattern Recognition
(CVPR). IEEE, June 2016, pp. 779-788. [Online]. Available:
https://ieeexplore.ieee.org/document/7780460


https://www.frontiersin.org/articles/10.3389/frobt.2021.721317/full
https://www.frontiersin.org/articles/10.3389/frobt.2021.721317/full
http://link.springer.com/10.1007/978-3-030-28619-4_10
http://link.springer.com/10.1007/978-3-030-28619-4_10
https://ieeexplore.ieee.org/document/9851501
https://ieeexplore.ieee.org/document/9982021
https://ieeexplore.ieee.org/document/9982021
https://ieeexplore.ieee.org/document/9399789
https://link.springer.com/10.1007/s40747-023-01216-y
https://link.springer.com/10.1007/s40747-023-01216-y
https://api.semanticscholar.org/CorpusID:237605259
https://api.semanticscholar.org/CorpusID:237605259
https://ieeexplore.ieee.org/document/9197434/
https://ieeexplore.ieee.org/document/5980408
https://ieeexplore.ieee.org/document/9802981
https://ieeexplore.ieee.org/document/7989037/
https://www.ri.cmu.edu/publications/social-robot-navigation/
https://www.sciencedirect.com/science/article/pii/S0001457517303998
https://www.sciencedirect.com/science/article/pii/S0001457517303998
https://www.nature.com/articles/s41598-023-39006-8
https://www.nature.com/articles/s41598-023-39006-8
https://ieeexplore.ieee.org/document/7780460

	Introduction
	Related Work
	Our Uncertainty-Aware RL Policy
	Training Process
	Model Architecture
	Reward Function

	Experimental Evaluation
	Simulation Experimental Setups
	Performance Metrics
	Simulation Results & Analysis
	Ablation Study on Noisy ORCA Pedestrians
	Comparing Different Discomfort Distances
	Ablation Study on Diverse, Realistic Pedestrians

	Robotic Experiment

	Extensions to other RL policies
	Conclusions
	References

