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Abstract

In this work, we address motion planning for robots in human-robot collaboration. An overview of important prop-
erties of a motion planning algorithm in terms of safety and human comfort is provided. In terms of comfort, we 
emphasize fluency, legibility, and human-like motion. Furthermore, existing planning algorithms are reviewed and 
contrasted in terms of these desired properties. Based on this review of the literature, a receding horizon trajectory 
optimization approach is proposed, and its main features are highlighted.
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1	 Introduction

In recent years, there has been an increase in demand for robots capable of 
working in the proximity of humans or even collaborate with them. Possible appli-
cations range from collaborative tasks in industry, such as load sharing tasks or 
joint assembly, to service robots in domestic environments. Because traditional 
safety measures such as fences are no longer appropriate for these applications, 
novel concepts are required to enable safe collaboration. Aside from safety, col-
laborative tasks give rise to additional requirements in task orchestration and 
adaptable robot behavior based on observations of the environment. Further-
more, human comfort during the interaction is critical in establishing the robot as 
a trustworthy collaborator. 

These requirements are typically handled by different layers in the automa-
tion architecture. First, a cognitive decision layer coordinates tasks between the 
human and the robot. This layer gives explicit goals to a motion planning layer, 
which are then executed by an underlying controller layer.

In this work, we focus on the motion planning layer while explicitly considering 
the interface to a suitable controller for task execution. In the first step, an over-
view of the requirements with respect to safety and human comfort in human-ro-
bot collaboration (HRC) will be provided. Second, existing planning algorithms 
proposed in the literature will be shortly reviewed given these requirements.

Based on this analysis, open issues towards a flexible motion planning ap-
proach for HRC are identified. A receding horizon trajectory optimization planner 
is proposed as a contribution to resolving these issues. For this, we take advan-
tage of the possibility to formulate the requirements for safety and comfort during 
the interaction as objective functions and constraints for trajectory optimization.
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2 Collaborative Robots

Collaborative robotics applications require not only algorithmic solutions for the
control, planning, and cognitive layers, but also suitable mechanical structures. In
recent years, several collaborative robots, also referred to as cobots, have been
developed and brought to market. Examples include robots by Universal Robots,
the KUKA LBR iiwa, and Franka Emika’s Panda. The latter two are based on tech-
nology developed at DLR [Hirzinger et al. 2002] focusing on lightweight, torque-
controlled robots with elastic joints. The main advantage of the lightweight design,
while maintaining a reasonable payload, is that it reduces the inertia of the robot
links which directly contributes to reducing injuries upon impact. Another benefit of
such lightweight collaborative robots is their ability to be mounted on mobile plat-
forms, allowing for mobile manipulation. Furthermore, these robots feature seven
degrees of freedom (DOF), which increases the manipulability through kinematic
redundancy. The 7 DOF robot arms also mimic the human hand to some extent,
allowing analogies in planning and control to be drawn between the human and
the robot.

In our work, we use the KUKA LBR iiwa 14 R820 as a collaborative manipulator
arm, which can also be mounted on DS Automotion’s Sally, a differential drive
mobile platform, shown in Fig. 1 as a reference platform.

Figure 1 The KUKA LBR iiwa 14 R820 collaborative robot with a gripper (left)
and KUKA LBR iiwa 14 R820 mounted on DS Automotion’s SALLY, a differential
drive mobile platform (right).
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3 Motion Planning Requirements for HRC

Motion planning algorithms serve as a central component in the robot’s automation
architecture. In this section, the desired properties of motion planning algorithms
with respect to human-robot collaboration, in particular safety and comfort, as well
as existing approaches from the literature will be reviewed.

3.1 Safety

The most important criterion for enabling close collaboration between humans and
robots is safety. In the context of industrial robots, safety is typically ensured by
fencing or structural measures surrounding the robot, such that the robot moves
only if no humans are in close proximity. This is of course incompatible with col-
laborative tasks. As a result, safety concepts are required to avoid collisions or
to mitigate the consequences of impact in case of collisions. An overview of de-
sign criteria for safe human-robot interaction, both on the mechanical construction
level and for the algorithm design, is given in [Alami et al. 2006]. In the following,
we focus on algorithm design, assuming appropriate mechanical properties as
described in Section 2.

In [Haddadin et al. 2017], the authors distinguish between two phases, namely
pre-collision and post-collision. Motion planning is mainly concerned with the pre-
collision phase. This means that collision-free trajectories must be planned while
still meeting of task completion requirements. Typical collision avoidance ap-
proaches require a geometric representation of the robot’s environment. Due to
the computational complexity, objects are often approximated by convex shapes.
Although this simplifies pairwise collision checks, the environment can still be non-
convex if it contains multiple convex shapes. Using these convex representations,
algorithms like the Gilbert-Johnson-Keerthi (GJK) algorithm [Gilbert et al. 1988;
Cameron 1997] can be employed to check whether the robot is in collision with
the environment in a given configuration. Another popular collision checking ap-
proach is the V-Clip Algorithm [Mirtich 1998]. The paper’s performance compar-
ison does not indicate a clear improvement, but rather depends on the specific
application.

Collision checking is computationally expensive in motion planning in general
because pairwise checks between obstacles and the robot, or parts of the robot,
must be performed. Furthermore, depending on the planning algorithm this may
have to be repeated several times. For safety, it is also important to consider that
such collision checking approaches are only executed at discrete points in time.
Collisions between two sampling points are theoretically possible depending on

131



Florian Beck, Andreas Kugi

the time discretization intervals. There are two solutions to this problem. First,
sampling density can be increased. This, however, comes at significant compu-
tational costs due to the increased number of samples required for representing
a movement. Second, collision detection can be extended to a continuous-time
approach. Examples for continuous collision checking can be found in [Schulman
et al. 2014] and [Merkt et al. 2019]. Such collision detection approaches are also
applicable in dynamic environments. However, the environment geometry must
depend on time. Hence, a motion model of objects in the environment is required
to predict their movement.

For motion planning approaches, the post-collision phase must be considered
in addition to the pre-collision phase. The post-collision is typically treated in the
underlying control layer. Detection of collision and appropriate reaction strate-
gies are proposed in [De Luca et al. 2006] and [Haddadin et al. 2008] through
torque measurements in the joints. These strategies are typically combined with
impedance control [Ott 2008], enabling a compliant robot behavior. Such com-
pliant behavior is often desired in the Cartesian space of the robot end-effector.
To use such control laws, the motion planning algorithm must provide sufficiently
smooth trajectories, i.e. at least two times continuously differentiable. Further-
more, due to the presence of the inverse Jacobian in the control law, Cartesian
impedance control requires singularity-free trajectories. In this regard, it is criti-
cal not only to avoid singular configurations during planning, but also to include
a sufficiently large safety margin around the singularities. This is because, in the
proximity of singularities, small velocities in the task space can still result in large
velocities in the joint space.

3.2 Natural Motion and Comfort

In addition to functional aspects of a planner, such as reaching a goal, feasibility
of the trajectory, and the adherence to safety aspects according to Section 3.1,
human comfort must be taken into account when planning a robot’s motion. In
general, it is difficult to rigorously define robot motion that is comfortable for hu-
mans. It is highly dependent on how a human perceives the situation and can
vary greatly depending on the individual. Furthermore, it may be dependent on
the robot’s capabilities and design. Studies in human-robot interaction (HRI) try to
identify such properties. Furthermore, it is desirable to formalize such properties
to an extent such that they can be considered during planning. This was accom-
plished for certain criteria, which will be discussed in the following. An overview of
social aspects and psychological factors for safety in HRI can be found in [Lasota
et al. 2017].
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One of the most discussed aspects regarding comfort is proxemics [Hall 1963],
i.e. the notion of distance between humans or a human and a robot, respectively,
during certain interactions. The influence of a separation distance between a robot
and a human was for example investigated in [Arai et al. 2010; Koay et al. 2006;
Kulić and Croft 2007]. In a collaborative setting, distance is frequently constrained
by the task at hand. Aside from the desired end-effector goal, there are often
additional DOF that can be used to determine the pose or movement of the robot in
space, depending on the specific task. For a mobile manipulator, this includes the
positioning of the vehicle itself concerning the end-effector goal and the human.

An important concept with respect to comfort is legibility, as for example dis-
cussed in [Lichtenthäler et al. 2012] to increase the perceived safety. Legibility is
a measure of how well the robot can convey its intent. In the motion planning con-
text, this means that movement has to be planned such that ambiguity is reduced
making goals easily inferable by a human. In some cases, this can be achieved by
certain exaggeration of the movement, for example moving in a circular arc toward
an object. Of course, this type of exaggeration is not always achievable, espe-
cially if several target objects are located close to each other. In such a scenario,
it depends on other factors, e.g. if the human can infer where the robot is moving
next. This cannot be solved using motion planning alone. An optimization-based
formulation of legibility can be found in [Dragan et al. 2013], which also gives a
comparison to the notion of predictability. Predictable motion is defined as pre-
dicting how a motion will look like if the goal has already been determined. As a
result, the inference direction is reversed. In this regard, predictable motion can
differ from legible motion. Predictability or legibility is preferred depending on the
collaborative task at hand. For example, if the task consists of a fixed, sequential
process, a human already knows what the robot’s goals are, and predictability
is more important than legibility. Legible motion, on the other hand, is preferred
when the task is ambiguous.

In [Hoffman 2019], an overview of methods to evaluate fluency in HRC is given.
They provide a definition and a model for assessing fluency. Fluent collaboration
occurs when a human and a robot achieve a high level of coordination, resulting
in precisely timed, efficient sequences of action. In a user study, they discovered
that human idle time, i.e. the human waiting for the robot, as well as the functional
delay of the robot, has a significant influence on subjective fluency. Longer hu-
man idle time is perceived as increasing fluency, which was indicated by feedback
from participants who thought the robot did a better job. Increasing the functional
delay, on the other hand, has a negative impact on the sense of fluency. This
can be directly related to the robot’s time to action following the completion of the
human’s turn during the collaboration. The requirement of short functional de-
lays implies that fast planning and replanning are essential properties of motion
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planning algorithms. An example of fluency for robot-human handovers is given
in [Cakmak et al. 2011] considering the functional delay. They propose that con-
veying intent is a major factor in fluency. If the robot does not make its intentions
to hand over an object clear, functional delays increase and the sense of fluency
decreases during the interaction. This demonstrates that not only fast planning
is required, but approach directions and timing must also be considered for com-
fortable interactions. Further examples of the importance of approach directions
during handovers are given in [Koay et al. 2007] and [Sisbot and Alami 2012].
Human motion and action prediction are extremely useful for reducing such func-
tional delays and increasing fluency. There is a substantial body of literature on
human motion prediction in terms of long-term prediction, i.e. full reaching mo-
tions, see, e.g., [Luo et al. 2018], as well as short-term predictions obtained by
tracking algorithms. Both are important for motion planning. Short-term predic-
tions primarily improve the observations, resulting in more accurate estimates of
the goals and dynamic obstacles in the environment. Long-term prediction, on the
other hand, can be used to estimate human intentions and thus, influence fluency
directly. Prediction combined with rapid replanning results in both reactive and
anticipatory action [Hoffman and Breazeal 2007].

Depending on the mechanical structure of the robot, also human-like motions
can be planned. Anthropomorphic robot arms, for example, such as the KUKA
LBR iiwa, mimic the structure of a human arm with seven DOF. Optimal control
theory was used to analyze human reaching motions in relation to the hand pose,
see, e.g., [Flash and Hogan 1985] and [Todorov and Jordan 2002]. The results
show that hand movement minimizes jerk, leading to smooth motions with bell-
shaped velocity profiles. These findings provide explicit criteria that, in principle,
can be applied to robotic motion planning. Maximizing the smoothness of the
trajectories is somehow contradictory to minimizing the time, i.e. time optimality,
which is commonly desired in industrial processes to maximize throughput. Fast
robot movements, however, are perceived as less safe when interacting with hu-
mans [Arai et al. 2010]. This implies that the smoothness of robot motion is ex-
tremely important in HRC. Another important aspect is motion planning in the task
space, i.e. Cartesian end-effector coordinates because most existing motion plan-
ning algorithms are designed in the joint space. In the case of a redundant robot,
the nullspace motion must also be considered. The nullspace motion typically de-
termines the robot’s elbow movement, which is strongly dependent on the robot
structure and can only be determined on a very limited basis by HRI.
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4 Motion Planning Algorithms

In this section, we give an overview of existing motion planning algorithms in the
literature while also assessing their capabilities with respect to the criteria identi-
fied in Section 3. Because of its importance in robot autonomy, motion planning
has received a lot of attention in robotics research. The corresponding algorithms
can be categorized into planning for static and dynamic environments. While we
are primarily interested in real-time planning in dynamic environments, algorithms
proposed for static environments are frequently used as the foundation for devel-
oping real-time capable methods for dynamic environments.

In static environments, sampling-based methods received a lot of attention.
Their primary benefit is that obstacles do not need to be explicitly modeled in the
configuration space. A collision detection module is instead used to determine
whether or not a sample in configuration space is in collision. This greatly im-
proves the planning efficiency [LaValle 2006]. Two important representatives of
sampling-based algorithms are Probabilistic Roadmap (PRM) [Kavraki et al. 1996]
and Rapidly-exploring Random Trees (RRT) [LaValle and J. 2001]. While PRM
invests heavily in preprocessing to provide fast multi-query planning, RRTs are de-
signed to be fast single-query planners. The basic RRT algorithm has probabilistic
completeness, i.e. in the limit a path, if it exists, will be obtained with probability
one. For a simplified version of PRM, this was proven as well [Kavraki et al. 1998].
Since their initial publication, several extensions were proposed to PRM and RRT
motion planning. For our purpose, extensions toward optimal motion planning are
the most relevant. Thus, for instance, the asymptotically optimal algorithms RRT*
and PRM* were proposed in [Karaman and Frazzoli 2011]. Although sampling-
based motion planners have several desirable properties, particularly probabilistic
completeness, they frequently suffer from non-smooth trajectories, which require
further post-processing. This ultimately increases the planning time. Further-
more, complex objectives and constraints lead to a high computational load. This
can be a problem when formulating the objectives for comfort, as discussed in
Section 3.2.

As a possible solution to these issues, trajectory optimization was proposed. Al-
though, in general, trajectory optimization returns only locally optimal trajectories,
it has been successfully applied to robotic motion planning. Trajectory optimiza-
tion can be used to refine trajectories obtained from sampling-based planners, but
it can also be used as a stand-alone algorithm. In [Ratliff et al. 2009; Zucker et al.
2013], an optimization-based planner called Covariant Hamiltonian Optimization
for Motion Planning (CHOMP) was proposed. The objective function consists of
two cost terms, an obstacle cost based on Euclidean distance fields and a smooth-
ness cost that takes velocities and accelerations into account along the trajectory.
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The trajectory is updated iteratively using covariant gradient descent. The update
rule ensures that the trajectory remains smooth while decreasing the cost. The
experiments demonstrate the algorithm’s successful application to robotic manip-
ulation. One significant drawback, which the authors also mention, is that due to
the fixed discretization, only trajectories of a predefined length are considered.

In [Kalakrishnan et al. 2011], a stochastic optimization approach for motion
planning called Stochastic Trajectory Optimization for Motion Planning (STOMP)
is presented. The authors propose using a series of noisy trajectories that deviate
slightly from the current candidate trajectory, and are then simulated to determine
their costs. The candidate solution is updated based on these costs. One of the
main advantages of this approach is that, because of derivative-free stochastic
optimization, it can deal with general constraints for which gradients are not al-
ways available. This can be an advantage compared to CHOMP [Ratliff et al.
2009; Zucker et al. 2013] if desirable cost functions are not differentiable.

The method in [Schulman et al. 2014] is similar to CHOMP [Ratliff et al. 2009;
Zucker et al. 2013], however, the authors make use of sequential convex opti-
mization. In each iteration, a convex approximation of the nonlinear trajectory
optimization problem is constructed. A trust region method is used to ensure that
the approximation remains valid. In addition, infeasible constraints are converted
to ℓ1 penalties. A quadratic programming solver is used to solve the convex sub-
problem. For collision checking, GJK as mentioned in Section 3.1 is used. To en-
sure continuous-time safety, the collision checking procedure takes into account
a swept-out volume, which is a polyhedral approximation of the free configuration
space between two time steps. When compared to CHOMP [Ratliff et al. 2009;
Zucker et al. 2013] and sampling-based planners implemented in the open motion
planning library (OMPL) [Şucan et al. 2012] including RRT [LaValle and J. 2001],
the experiments show a significant improvement in terms of speed, the problems
that can be solved, and the quality of the resulting trajectories. Furthermore, this
framework allows for inclusion of more complex cost functions, such as those re-
lated to human comfort.

Recently, a framework for guaranteed sequential trajectory optimization
(GuSTO) [Bonalli et al. 2019] using sequential convex programming (SCP) was
proposed. In contrast to TrajOpt [Schulman et al. 2014], which makes use of
SCP as well, theoretical guarantees for convergence to at least a stationary point
are given by the authors. Numerical simulations demonstrate that this approach
provides more accurate results in less time compared to other state-of-the-art
SCP-based planners.

To capture dynamic environments and real-time planning, several approaches
can be found in the literature. Extensions to RRT planning include [Li and Shie
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2002; Ferguson et al. 2006] and [Zucker et al. 2007]. In addition, [Svenstrup et al.
2010] use the RRT algorithm in combination with a dynamic potential field. The
potential field takes into account the robot’s position in the environment, its goal,
and the humans moving in its vicinity. To account for changes in the environment
the planner is implemented as a model predictive controller (MPC). To that end,
only the first few steps of the planned trajectory are executed, while the planner
calculates a new trajectory on-line. In [Sun et al. 2015], a similar RRT-based ap-
proach for high-frequency replanning was developed. A stochastic motion model
of the robot is used. Several independent RRTs are executed in parallel to quickly
find an optimal plan. The lowest cost plan is then chosen. While a single RRT will
not find an optimal solution, it is proven that running several RRTs in parallel will
asymptotically converge to an optimal plan. However, sampling-based planners
for dynamic environments have the same drawbacks as their static counterparts.

In [Park et al. 2012], a similar concept using trajectory optimization is proposed.
The motion of dynamic obstacles is taken into account by predicting their motion
over a short-time horizon and computing a conservative local bound on their loca-
tion and velocity. Based on this information, a constraint optimization problem is
solved to compute a plan. Because dynamic object trajectories are only predicted
for a short period of time, prediction uncertainty grows quickly. The planner is
executed again in each time step, and only one step of the trajectory is executed
before replanning.

The works [Ghazaei Ardakani et al. 2015, 2019] present an MPC approach
for real-time point-to-point trajectory generation for a robot manipulator. A linear
kinematic robot model is used, given by a double integrator system, where joint
positions, velocities and accelerations serving as optimization variables. The fi-
nal trajectories are generated using linear interpolation with a fixed sampling time.
Because of the fixed sampling intervals and the goal constraint on the final step,
it is assumed that the trajectory duration is sufficient to reach the goal while tak-
ing the robot’s kinematic limits into account. The authors successively reduce the
sampling period in the experiments, increasing the time resolution of the trajectory
as the robot approaches the goal. The fixed sampling period, on the other hand,
implies that the robot trajectory is initially quite coarse, which can be problematic
in terms of constraint satisfaction, such as collision constraints for safety. Due to
the convex formulation of the optimization problem, the authors report fast conver-
gence of their algorithm. The convex formulation, on the other hand, significantly
limits the available optimization criteria.

In contrast, in [Krämer et al. 2020] a different approach utilizing a cost-to-go-
term was proposed replacing the requirement of a goal constraint. This allows
for a fewer discretization points along the trajectory without sacrificing sampling
density. This is especially important in terms of safety because high sampling
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density reduces the likelihood of collision between trajectory samples while being
computationally less expensive than continuous collision checking as, for exam-
ple, done in [Schulman et al. 2014]. The results of [Krämer et al. 2020] show that
achieving planning times below 100ms per MPC iteration for pick-and-place tasks
is feasible.

In [Agboh and Dogar 2018], an extension of STOMP [Kalakrishnan et al. 2011]
to real-time replanning for grasping in cluttered environments is proposed. Initially,
an open-loop trajectory is generated with numerous iterations to obtain a locally
optimal solution. Starting with this initial trajectory, replanning is done with fewer
iterations and with feedback from the current state. High-quality trajectories can
be generated while maintaining fast planning times if the inital trajectory is a good
initialization for replanning. The experiments show that the approach works well
for grasping in cluttered environments that do not change too quickly. For moving
targets or obstacles, the initialization is not a good approach since the trajectory
can already be infeasible when the planner has finished.

A local receding horizon trajectory optimization given a global reference path
in a difficult terrain is proposed in [Howard et al. 2010]. In [Toit and Burdick 2012],
robot motion planning is formulated as a stochastic dynamic programming (SDP)
problem. The authors explicitly address uncertainty rooted in the robot’s environ-
ment. Because of the stochastic context, constraints are formulated as chance
constraints [Toit and Burdick 2011], meaning that the constraint has to be fulfilled
with a certain confidence. Given the complexity of the SDP problem, it is approx-
imately solved using stochastic receding horizon control in the belief space. In
dynamic uncertain environments, the stochastic approach provides more accu-
rate models for planning. However, when compared to deterministic solutions,
the additional computational effort is significant.

Recently, an MPC concept for autonomous guided vehicle motion planning was
published [Mercy et al. 2018]. The authors use B-Spline trajectory parametrization
to guarantee constraint satisfaction in the resulting nonlinear trajectory optimiza-
tion problem. In contrast to [Toit and Burdick 2012], obstacles are modeled and
predicted in a deterministic way facilitating a linear prediction model. The exper-
iments show that dynamic obstacles in the environment can be safely avoided
when combined with fast replanning.

MPC can also be used to plan and track a robot’s trajectory at the same time.
This has the advantage of not requiring the use of a trajectory following con-
troller. Furthermore, the dynamic constraints of the entire system can be system-
atically considered allowing for more aggressive trajectories. The MPC framework
CIAO [Schoels et al. 2020] is based on a novel convex inner approximation of the
collision avoidance constraint. This enables the planning of kinodynamically fea-
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sible collision-free trajectories in continuous time. A real-world experiment with
a differential drive mobile robot demonstrates the unified trajectory optimization
and tracking. Planning for multi-body robots, on the other hand, has yet to be
demonstrated.

Simultaneous trajectory optimization and tracking was also applied to full dy-
namic models of robot manipulators, see, e.g., [Tassa et al. 2012] and drones,
see, e.g, [Neunert et al. 2016]. Recently, Kleff et al. [Kleff et al. 2021] proposed
an MPC approach based on differential dynamic programming (DDP) in real time
on a collaborative robot. However, so far, MPC with full dynamics has only been
solved for simplified problems, with additional objectives such as obstacle avoid-
ance being neglected. As a result, for the currently available real-time hardware,
approaches with separate trajectory planning and trajectory tracking control are
typically used.

5 Receding Horizon Trajectory Optimization

In this section, we provide a brief overview of a receding horizon trajectory opti-
mization approach for robot motion planning that takes into account the require-
ments from Section 3. In comparison to previous works discussed in Section 4,
we explicitly take into account the combined requirements from Section 3, namely
pre-collision and post-collision safety, legibility and smooth robot motion while
enabling fluent interaction. We maintain compatibility with Cartesian impedance
control by introducing computationally efficient singularity avoidance based on
penalty functions. In addition, a novel via-point approach for receding horizon tra-
jectory optimization is discussed providing a framework for planning legible and
human-like motion with low computational overhead. Due to our emphasis on
computational efficiency in the aforementioned features, fluent interactions can
be ensured.

The planning approach considers robot manipulators under kinematic con-
straints. Note that robot dynamics are not considered in the planner. It is assumed
that the underlying controller, i.e. a Cartesian compliance control scheme [Ott
2008], compensates for the nonlinear dynamics resulting in a remaining linear
double integrator system. The motion planning problem is formulated as a trajec-
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tory optimization in the form

min
u0|n,...,uN−1|n

N−1∑
k=0

l(xk|n,uk|n) (1a)

s.t. xk+1|n = Φxk|n + Γuk|n (1b)

x0|n = x1|n−1, u0|n = u1|n−1 (1c)

x ≤ xk|n ≤ x, k = 0, . . . , N − 1 (1d)

u ≤ uk|n ≤ u, k = 0, . . . , N − 1 (1e)

for the time steps k = 0, . . . , N − 1, with fixed sampling time Ts. The optimization
problem (1) is solved at every sampling instant n for the finite planning horizon
NTs. Only the first step of the optimal control input is applied to the system until the
next sampling instant n+ 1. The optimization problem is then solved again, now
starting one sampling time Ts ahead and therefore predicting one step further into
the future. Hence, the planning horizon is said to be receding. Eq. (1a) describes a
general objective function to be minimized for the planning horizon nTs to (n+N−
1)Ts depending on the robot’s state xk|n and the input uk|n at the time (n+ k)Ts,
k = 0, . . . , N − 1. The objective function includes a cost term that represents the
distance to the goal such that the robot moves toward this goal. Additional cost
terms can be added depending on the specific application, which will be discussed
in greater detail in the remainder of this section. The resulting linear system of
the robot dynamics is an equality constraint defined by Eq. (1b). The planner is
initialized from the previously calculated trajectory through Eq. (1c). State and
input constraints, specifically addressing joint limits, velocity limits, and higher
derivatives, if necessary, are considered in Eq. (1e) where x, u, and x, u denote
lower and upper bounds, respectively.

The receding horizon trajectory optimization shares advantages of the trajec-
tory optimization approach over sampling based algorithms as stated in Section 4.
This is particularly relevant to the flexibility of objective functions and constraints
in modelling desired properties in human-robot interactions and ensuring smooth
trajectories. Furthermore, we use a cost-to-go term for reaching the goal in com-
bination with fixed sampling times similar to what is done in [Krämer et al. 2020].
This allows for fast planning while still maintaining tightly sampled trajectories.
Fast planning times are essential to reduce the robot’s functional delay, enabling
fluent interactions. Nonetheless, safety cannot be sacrificed for the sake of fast
planning times. As mentioned in Section 3.1, safety violations can in principle
happen between the discrete time steps of the trajectory optimization. Due to
the computational effort, we do not consider continuous-time collision checking
but instead, rely on small sampling times Ts. This property is in contrast to pre-
vious approaches in the literature. For example, [Ghazaei Ardakani et al. 2015]
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and [Mercy et al. 2018] demand that the final point in the planning horizon already
reaches the goal. This requires either a fixed duration of the trajectory, i.e. in-
dependent of the distance to the goal or the introduction of the duration as an
additional optimization variable, increasing the complexity and thus the computa-
tional effort of the problem.

Collision checking for receding horizon trajectory optimization can be performed
using well-known approaches from the literature. However, the gradient of the
objective function and constraints can be provided to improve the optimization
algorithm’s convergence behavior. To this end, we use a smooth distance ap-
proximation as introduced in [Vu et al. 2020]. We extend the formulation from
rectangular boxes and points to spheres as basic obstacle shapes to allow for
more complex environments. Because collision checking is frequently the bottle-
neck, limiting to simple shapes results in faster optimization times. In the context
of collision checking, the receding horizon framework also enables planning in
dynamic environments. New information about objects in the environment can
be incorporated due to the constant replanning. Furthermore, by including ob-
ject states in the dynamic constraints (1b), predictions of object movements in the
planning horizon can be taken into account.

In addition to safety considerations in the pre-collision phase, we also address
compatibility with Cartesian impedance control [Ott 2008] to enable post-collision
safety. The Cartesian impedance controller requires trajectories to be at least
two times continuously differentiable and singularity free. In the proposed ap-
proach, sufficient smoothness is guaranteed by the equality constraints (1b) and
(1c). Note that, in general, the sampling times of the trajectories are significantly
lower than those required for the execution of the controller. As a result, for the
controller, the trajectories must be interpolated and resampled. The optimization
framework provides several ways to make sure that the planned trajectories are
free of singularities. As mentioned in Section 3.1, a safety margin around sin-
gularities has to be taken into account. A distance to a singular configuration
can in general be defined by the so-called manipulability measure [Yoshikawa
1985]. Alternatively, if a robot’s singular configurations are known, direct distance
measures in the configuration space can be used. The safety margin can be
formulated as an inequality constraint ensuring a minimum distance to singular
configurations or by demanding a minimum amount of manipulability. In view of
the computational costs, the singularity avoidance is realized by a penalty function
which is added to the objective function l(xk|n,uk|n). Note that, in principle, this
does not guarantee singularity-free motions due to competing cost terms, how-
ever, such a situation can be avoided by selecting a sufficiently large weight for
the penalty function.
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Besides safety, we explicitly address comfort discussed in Section 3.2 within the
receding horizon trajectory optimization framework. First, we consider human-like
movement, as for the example investigated in [Flash and Hogan 1985]. Human
movement of the hand is regarded as minimizing jerk there. This corresponds to
minimizing jerk along an end-effector trajectory in the task space in the robotic
applications under consideration. This formulation can be easily incorporated into
the trajectory optimization problem, however, it would require planning in the task
space. Direct planning in the task space makes the consideration of the joint
limit constraints more involved. Because of the nonlinear relationship between
the joint and the task space, enforcing smoothness in the joint space is computa-
tionally more efficient but does not always result in human-like movement in the
task space. Planning in the joint space, but formulating the cost-to-go term in the
task space based on the forward kinematics is another option, again at the cost of
higher computational effort. Thus, we propose to approximate a cost-to-go term
in the task space by placing via-points in the task space along the planned trajec-
tories. The approximation is more or less coarse and computationally expensive
depending on the number of via-points. Such intermediate goals are also impor-
tant for a variety of other robotic tasks. Grasping for example requires the gripper
to be aligned with an object in a so-called pre-grasp pose before the grasp point
is reached. Furthermore, via-points can also aid the establishment of comfortable
interactions by ensuring appropriate approach directions and end-effector orien-
tations. In addition, intermediate goals can help to disambiguate goals resulting in
legible robot trajectories. Again, this is a computationally efficient approximation
compared to what is done, e.g. in [Dragan et al. 2013] to achieve legible robot mo-
tion. In previous works, see, e.g., [Schulman et al. 2014; Ghazaei Ardakani et al.
2015], a common approach for intermediate goals was to constrain points along
the trajectory to via-points. This requires predetermined timings for the via-points
along the trajectory. Furthermore, for a receding planning horizon, this approach
is not feasible because the via-point may not be reachable within the horizon.

In contrast, we propose to formulate the optimization problem in such a way
that only the relative timing between via-points, i.e. a sequence of via-points,
is considered, rather than the exact timing along the trajectory. To that end, we
introduce a parametrized reference path that linearly interpolates from the starting
configuration through the via-points to the goal. The path parameter’s dynamics
are added to the optimization problem to represent the progress along the path. In
contrast to classical path-following control, see, e.g., [Böck and Kugi 2014, 2016;
Faulwasser et al. 2017], we are not interested in precisely following the path, but
only in accurately passing through the via-points. Therefore, the cost weights are
adjusted so that progress along the path is favored over precise tracking between
via-points. To pass the via-points exactly, a path progress dependent constraint
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is introduced. Instead of being specified in advance, the optimizer determines the
timings and velocities through the via-points in this formulation.

6 Conclusions

In this work, we outlined the requirements for motion planning algorithms in col-
laborative human-robot tasks. In addition to physical properties of collaborative
robots, a brief overview of algorithmic safety measures for planning algorithms,
particularly collision checking, was provided. Although safety is the topmost pri-
ority, it is not the only requirement for planning in human-robot collaborative tasks.
In this context, properties related to comfort including proximity, legibility, fluency,
and human-likeness of robot motion were discussed. Furthermore, the state-
of-the-art motion planning algorithms were evaluated concerning these require-
ments. Finally, a motion planning framework based on a receding horizon opti-
mization approach was outlined. This method enables the flexible specification of
control objectives and the systematic incorporation of constraints to easily adjust
the desired properties for HRC.
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