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Executive Summary 
 

This report details the reactive navigation techniques developed for the CrowdBot project between months              
M1 to M30. In this sense, we have investigated three main technical components for achieving reactivity in                 
different types of mobile or service robots when navigating in crowded environments. 
Each of the three technical components are designed to complement high-level planning techniques and              
focus on exploiting different sensing capabilities of the different robots. In this report, we present tests in                 
both simulation and real environments showcasing the applicability of the proposed solutions for dynamic              
environments.. 

 In particular, the three key challenges that we addressed are: 

ǒ Fast reactive navigation based on proximity sensing that adapts quickly to dynamic environments             
with pedestrians and guarantees obstacle avoidance. 

ǒ Executing low-latency local collision avoidance considering the actual physical constraints of the            
robots, from shape to kinematic constraints. 

ǒ Post-collision response in case of pedestrians unpredicted or untrackable behaviour by controlling            
the direction of motion of the robot to minimize the contact forces exerted.  

For proximity based solutions to the reactive navigation problem, we present two approaches. The first               
solution is based on a dynamical system (DS) representation of the robot's control input and its environment                 
(obstacles) offering a continuous solution in closed-form equations of harmonic potential flow around             
multiple moving obstacles, as such, enables the robot to react immediately to dynamic obstacles. This               
approach was implemented both in simulation and on a wheeled omnidirectional robot and validated for               
holonomic robot control in 2D space, effectively controlling the robot direction and velocity in a plane.                
Further details are described in section 3, and the open source code is available at:               
https://github.com/epfl-lasa/dynamic_obstacle_avoidance_linear . 

The second approach focuses on non-holonomic (limited motion capabilities as wheelchairs) and            
non-circular robots, providing a solution to complement high-level planners and navigate tight environments             
with accurate robot shape descriptions. This would be an advantage for robots whose shape would be over                 
increased if a point-mass approach were to be used. The proposed method formulates a convex optimization                
problem for representing the robot with accurate shapes, offering a reactive response that assumes a coupling                
with a higher level planner (navigation algorithm or human driver); extending the method of velocity               
obstacles (VO). This approach is validated in both simulation environments and real robots with the               
CrowdBot robot Qolo which has similar kinematics to standard powered wheelchairs. Further details are              
described in section 4, and the open source code is available at: https://github.com/epfl-lasa/rds. 

Finally, post-collision reactivity was investigated through the concept of compliance control for achieving a              
directional compliance to unexpected collisions that would minimize the collision force without forcing the              
robot to freeze. We present a method for estimating contact forces at the robot's surface through learning                 
nonlinear stiffness and compliance to internal force torque sensors. Then estimated collision location and              
magnitude is used in a continuous compliant controller that cancels the contact forces in a closed-loop                
system.  Further information is detailed in section 5.  
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1. Introduction 
 

CrowdBot project deals with robot motion, control, and decision-making processes within dense crowd             
environments, therefore, a fundamental component is to have reactive motion planning that would deal with               
unexpected changes in the dynamics of the surrounding crowd that could not be predicted fast enough for                 
full-motion replanning. Herewith, the methods presented in this report focus in complementing high-level             
motion planners as described in D3.1 and D3.3. 

In this report, we detail two main components developed for reactive navigation that could be coupled with                 
any high-level path planning, including direct human input in shared-control schemes. First, we investigate              
proximity based reactivity through the usage of the robots' available LIDAR and RGBD sensing, which aims                
to guarantee obstacle avoidance based on the models of the pedestrian motions and the state of the robot.                  
Second, we investigate the post-collision reactions in case of pedestrians’ unpredictable abrupt motions             
causing contact with the robot, in this case, we make use of contact sensing such as force and torque (F/T)                    
sensors, for achieving compliance in the direction of the impact.  

The algorithms reported here have been tested in the CrowdBot version of the Qolo robot [Paez-Granados D,                 
et al, 2018], adapted with the recommendations from D6.2. Both in simulation and real life experiments                
within laboratory settings and natural crowds. For such experimental validations we have integrated the              
CrowdBot detection and tracking system documented in D2.2, with our array of LIDAR and RGBD sensors.                
In parallel simulated evaluations have been developed in the CrowdBot simulator documented in D4.2 where               
the Qolo robot has been integrated. 

In the following section, we describe the state of the art in collision avoidance, describing the contribution of                  
the developed algorithms for dynamic environments for both holonomic, and non-holonomic robots. Section             
3 details the first approach and experiments validating on an omnidirectional robot. Section 4, describes in                
detail the robot Qolo adapted for crowd navigation. Finally, section 5, addresses the second approach               
focused on non-circular and non-holonomic robots and assistive driving testing with the robot Qolo.  
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2. Related Work 
Robots that work in real-life environments often have to deal with dynamic obstacles like a pedestrian                
running in front of an autonomous car or a bird flying in front of a drone. In such cases, the robot cannot                      
follow its initial path anymore and has to compute a new path quickly enough to avoid a collision. Such                   
robots also have to face situations in which the state of the environment differs from their inner knowledge                  
as static obstacles change to a new configuration. The problem to adapt and control the robot’s motion                 
suitably in such situations is in the focus of several related research fields, known as reactive control,                 
reactive motion planning, collision avoidance and obstacle avoidance. Recent reviews are given e.g. by              
[Kamil et al., 2015] and [Hoy et al., 2015]. 

2.1. Obstacle avoidance 

Methods for obstacle avoidance typically emphasize convergence in addition to preventing collisions, i.e.             
they provide navigation laws that move the robot through free space and guarantee to lead it to a particular                   
destination. They share these two goals with path planning methods [Choset et al., 2005], which have a                 
stronger focus on static environments. Addressing mostly the static case, numerous techniques have been              
proposed, such as artificial potentials [Khatib, 1986], navigation functions [Rimon and Koditschek, 1992],             
[Rimon and Koditschek, 1991], and probabilistic exploration by random trees. On the other hand, velocity               
obstacles [Fiorini and Shiller, 1998] are a traditional framework for planning trajectories among moving              
objects.  

Planning a trajectory that leads the robot from its current position to the target location can be                 
computationally expensive, especially in complex environments. Furthermore, the whole trajectory may have            
to be re-planned if it is made invalid by a sudden change in the environment. 

Other methods try to avoid path planning, e.g. recent developments use power diagrams to identify a                
collision-free convex neighbourhood around the robot. A continuous flow is then generated by solving the               
associated convex optimization problem [Arslan and Koditschek, 2016] and convergence is ensured for             
convex obstacles. Machine learning algorithms have been directly applied to sensor data to obtain              
data-driven control laws [Michels et al., 2005] but they cannot ensure impenetrability. Other similar              
navigation functions transform star-shaped obstacles and trees of stars into simpler environments in which              
obstacles are reduced to spheres and convergence to the global minima can be ensured for almost all                 
trajectories [Paternain et al., 2017]. 

Ensuring both convergence to the target location and impenetrability is not a trivial task. Some path planning                 
oriented methods ensure global convergence for quasi static environments at the expense of a high               
computational cost which precludes online applications [LaValle and Kuffner, 2001]. On the software side,              
re-planning only a part of the trajectory [Ferguson et al., 2006] or deforming it locally [Brock and Khatib,                  
2002] are ways to reduce the workload, but do not guarantee global convergence. Other approaches focus on                 
improving the hardware for faster processing [Murray et al., 2016]. Such advances in software and hardware                
have made possible the real-time application in dynamic environments of optimization algorithms such as              
model predictive control [Rasekhipour et al., 2016]. 

Control using dynamical systems (DS) offers an alternative to address such situations. The control law can                
ensure the impenetrability of obstacles and does not require re-planning as it is closed form [Feder and                 
Slotine, 1997]. A DS-based solution guarantees stability and convergence while offering on-the-fly reactivity             
[Khansari-Zadeh and Billard, 2011]. This approach has been extended to a Modulated Dynamical System              
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(MDS) which represents obstacles analytically as star-shaped level sets of a distance function and considers               
the robot as a point moving in cartesian space (in the case of mobile robot navigation). It guarantees to lead                    
the robot to its goal by exploiting the assumptions that the robot is holonomic, and it offers a closed-form                   
solution, as such, it enables the robot to react immediately to obstacles. This is particularly useful when the                  
robot has only a partial view of the environment, and that obstacle may suddenly appear following an update                  
on on-board sensing [Huber et al., 2019]. 

2.2. Reactive control and collision avoidance  

Reactive control in a broad sense is concerned with making robots react appropriately to unforeseen events,                
e.g. avoid a collision with an appearing object or person. Works from this branch thus mostly aim to affect                   
the robot’s short-term behaviour [Mansard and Chaumette, 2007], [Dietrich et al., 2012]. Disregarding             
long-term trajectory planning and restricting the focus on collision avoidance itself simplifies the problem              
and favours computationally lightweight approaches which are applicable on complex robotic systems with             
high degree of freedom and kinematic constraints [Stasse et al., 2008]. 

Among such approaches, quadratic programs are popular as they can handle arbitrarily many constraints (in               
principle) for achieving collision avoidance between multiple limbs [Escande et al., 2014]. The method              
[Rauscher et al., 2016] treats robotic arms and uses constraints for collision avoidance within a QP wherein                 
the nominal velocity commands set the (unconstrained) optimum in the objective function. 

2.3. Non-holonomic and non-circular robot navigation 

Many mobile robots violate the assumptions of some obstacle avoidance methods that the robot’s shape is                
circular and that its lateral and longitudinal velocity can be chosen freely. While purely reactive control                
methods (as those discussed in the previous section) typically incorporate these aspects in their robot               
description, they do not provide guarantees beyond collision avoidance, e.g. regarding optimal avoidance             
trajectories. On the other hand, some navigation approaches specifically take these complications into             
account and optimize trajectories over a finite time horizon. 

The dynamic window approach [Fox et al., 1997] is a popular method, which treats robots with                
non-holonomic constraints, which occur in almost any vehicle with wheels. It optimizes over a set of circular                 
arc trajectories, where each trajectory is characterized by a constant linear (longitudinal) and angular              
velocity. It solves at every time step an optimization problem subject to constraints that represent potential                
collisions in the near future and dynamic constraints (due to acceleration bounds). However, it does not                
represent obstacle velocities and assumes a circular robot shape. It has also been applied for               
semi-autonomous wheelchairs [Carlson and Demiris, 2012]. A related approach is given by [Schlegel, 1998],              
which can handle non-circular shapes, too, but does not take into account object velocities either. 

We propose the RDS method to take into account object velocities in addition to non-holonomic kinematics                
and a non-circular shape for the robot. The method employs the well-known velocity obstacle (VO) concept                
[Fiorini and Shiller, 1998], which originally considers circular obstacles that move with constant velocities              
and defines for the circular agent the corresponding cone-shaped sets of constant velocities that will lead to a                  
collision in the future. The proposed method formulates a convex optimization problem similar to the               
Optimal Reciprocal Collision Avoidance (ORCA) method [Van Den Berg et al., 2011]. ORCA limits the               
time horizon for considering collisions in the future to a finite value τ and thus truncates each VO cone.                   
Disregarding long term interactions, ORCA enables agents to avoid collisions in the near future in an optimal                 
manner, deviating minimally from their preferred velocities. 
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In contrast to ORCA, our method treats non-circular robot shapes and thus takes into account rotation and                 
not only translation. Still, the differential degree of freedom remains two due to the non-holonomic               
kinematics. More specifically, the robot’s instantaneous center of rotation must be on the infinite line which                
contains the wheel axle. While many prior works extend VO-based methods such as ORCA to non-circular                
or non-holonomic robots, they mostly consider only one of these two aspects (e.g. [Alonso-Mora et al., 2013]                 
considers the non-holonomic case). When considering non-circular holonomic robots, it is common to             
replace in the classical VO the robot’s shape by the area which it sweeps for a given amount of rotation (e.g.                     
in [Best et al., 2016], [Ma et al., 2018], [Giese et al., 2014]), which allows to separate the rotational and                    
translational velocity computation. They rely on pre-computed look-up tables that store such swept surfaces              
for different amounts of rotation. In contrast, we employ the VO concept in a more simple and lightweight                  
framework addressing non-holonomic and non-circular robots. 

We introduce a novel technique, considering individual collisions between surrounding agents and the             
closest corresponding incircle in the robot’s capsule shape and constructing the relative VO. The approach               
linearly approximates these individual VOs and relates them via the robot’s nonholonomic kinematic             
mapping to yield a single problem for the velocity of a specific robot-fixed reference point. This problem’s                 
solution prescribes the reference point velocity and thereby also implicitly both the robot’s linear and angular                
velocity due to the nonholonomic kinematic relations. 
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