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Abstract Integrated motion planning and control for
the purposes of maneuvering mobile robots under
state- and input constraints is a problem of vital prac-
tical importance in applications of mobile robots such
as autonomous transportation. Those constraints arise
naturally in practice due to specifics of robot mechan-
ical construction and the presence of obstacles in
motion environment. In contrast to approaches focus-
ing on feedback control design under the assump-
tion of given reference motion or motion planning
with neglection of subsequent feedback motion exe-
cution, we adopt a controller-driven motion planning
paradigm, which has recently gained attention of
many researchers. It postulates design of motion plan-
ning algorithms dedicated to specific feedback control
policies, which compute a sequence of feedback con-
trol subtasks instead of classically planned open-loop
controls or parametric paths. In this spirit, we propose
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a motion planning algorithm driven by the VFO (Vec-
tor Field Orientation) control law for the waypoint-
following task. Presented analysis of the VFO control
law reveals its beneficial properties, which are sub-
sequently utilized to solve a generally nonlinear and
non-convex optimal motion planning problem by for-
mulating it as a mixed-integer linear program (MILP).
The solution proposed in this paper yields a waypoint
sequence, which is designed for execution by appli-
cation of the VFO control law to drive a robot to
a prescribed final configuration under an input con-
straint imposed by bounded curvature of robot motion
and state constraints resulting from a convex decom-
position of task space. Satisfaction of these constraints
is guaranteed analytically and exactly, i.e., without
utilization of numerical approximations. Moreover,
for a given discrete set of possible waypoint orienta-
tions, the proposed algorithm computes plans optimal
w.r.t. given cost functional, which can be any con-
vex linear combination of quantities such as robot
path length, curvature of robot motion, distance to
imposed state constraints, etc. Furthermore, the plan-
ning algorithm exploits the possibility of both for-
ward or backward movement of the robot to allow
maneuvering in demanding environments. Generated
waypoint sequences are a compact representation of
a motion plan, which can be immediately executed
with the VFO controller without any additional post-
processing. Validity of the proposed approach has

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10846-017-0555-0&domain=pdf
http://orcid.org/0000-0003-0975-6077
mailto:tomasz.gawron@doctorate.put.poznan.pl
mailto:maciej.michalek@put.poznan.pl

J Intell Robot Syst

been confirmed by simulation studies and experimen-
tal motion execution with a laboratory-scale mobile
robot.

Keywords Controller-driven motion planning -
Waypoint-following - State and curvature
constraints - Mobile robots - Unicycle - Feedback
control

1 Introduction

The ability to perform autonomous maneuvers in
cluttered environments is desired in many practical
applications of wheeled mobile robots such as search-
and-rescue missions, warehouse management automa-
tion, service robotics, parking assitance systems, and
lately autonomous road vehicles. In this work we pro-
pose a controller-driven motion planning algorithm
and feedback control strategy for a generic robot-body
model in the form of a kinematic unicycle. It is simple
and captures nonholonomic constraints present in var-
ious autonomous vehicles of interest, such as N-trailer
trucks, cars and differentially-driven robots. Thus, it
can serve as a good starting point for extensions of
our method to more complex kinematics. Mechanical
construction of vehicles often imposes additional lim-
itations on robot motion resulting from, e.g., bounded
steering angle in case of car-like vehicles and bounded
articulation angles in case of N-trailer vehicles. Those
limitations are reflected in the kinematic robot model
by an input constraint imposing bounded curvature of
motion. Considered robot model is complemented by
state constraints, which can directly represent a model
of the cluttered environment or designated safe motion
areas.

Traditionally, the motion planning problem is
solved by implementing a multi-stage sequential plan-
ning procedure as mentioned, e.g, in [29] and imple-
mented, e.g., in [27]. Such planners often generate a
purely geometric, and in some cases initially infeasi-
ble, collision-free path in configuration space, which
is subsequently parametrized with time (see [50] for
an energy-optimal approach) and optionally smoothed
(as demonstrated in [9]) to form a trajectory. Dur-
ing the motion execution stage, the computed path
or trajectory can be tracked using one of the avail-
able feedback controllers. Although such an approach
yields acceptable results, there are various limitations
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resulting from the fact that behavior of the closed-loop
motion control system is not explicitly considered dur-
ing motion planning stage. The practically important
effects of non-nominal motion conditions (e.g., ini-
tial robot configuration placed away from the planned
one), exogenous disturbances, and uncertain measure-
ments may render a feasible motion plan unfit for
safe execution with a given feedback control law in
practical conditions.

We adopt a controller-driven motion planning
design paradigm envisioned in [29] under the name of
algorithmic control theory and applied in [5, 44] as
policy based motion planning. The controller-driven
methodology postulates design of specialized motion
planners dedicated to specific feedback motion con-
trollers. Such a specialization makes it possible to gen-
erate a motion plan tailored specifically to the needs
of the assumed feedback control law. At the same
time, the availability of information about closed-loop
system behavior enables the planner to exploit spe-
cific properties of the assumed controller leading to a
potentially simpler and more efficient planning pro-
cess. The same information can be also utilized to
avoid motion conditions, which are adverse for the
utilized feedback control law by appropriate motion
planning.

In this paper, we extend the results presented in [12]
and propose a controller-driven motion planner for a
kinematic unicycle with bounded curvature of motion
and state constraints. Constraints imposed on the robot
state are described by a sequence of traversable con-
vex polygons (convex decomposition), which is a
convenient representation for cluttered motion envi-
ronments. Presented motion planning algorithm is
dedicated to the VFO (Vector Field Orientation) con-
troller in the version for the waypoint-following task
proposed in [34] as an extension of the methodology
presented in [8]. The design of our planner relies upon
specific beneficial properties of the VFO control law,
some of which were found recently and were pre-
sented in the preliminary work [12]. Thanks to those
properties the generally nonlinear and non-convex
planning problem was casted to a mixed-integer linear
program (MILP) in our specific case. As argued later
in Section 5, the complexity of formulated problem
depends on topology of the environment as opposed
to the methods employing direct time-discretization
of robot control signals. What is more, satisfaction of
state and curvature of motion constraints is guaranteed
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analytically, while planning of waypoint positions is
conducted in a continuous domain. Another closely
related benefit of the controller-driven design method-
ology is the fact that our algorithm generates motion
plans represented compactly as short sequences of
waypoint configurations, which are executed directly
(i.e. without any postprocessing) by the VFO control
law. Although motion plans contain only a small num-
ber of waypoints, robot path during plan execution is
perceived as natural thanks to application of the VFO
controller.

In the sequel, we systematically describe the design
and verification of the proposed motion planning algo-
rithm. In Section 2 we shortly review motion planning
and control algorithms for kinematic models simi-
lar to the assumed constrained unicycle model. In
Section 3 we formally state the problem, introduce
notational conventions and sketch a general strategy
of our solution. Section 4 contains introductory infor-
mation regarding the VFO control law necessary for
further considerations and the description of its spe-
cific properties useful in motion planning. Section 5
provides a more detailed description of the motion
planning algorithm. For simplicity of exposition the
method is presented first without consideration of the
state constraints, and later extended to the convex
polygon sequences. In Section 6 we touch upon the
issues of practical motion execution. Section 7 con-
tains results of simulations and experimental verifica-
tion of the proposed solution for selected scenarios.
Results of motion execution in non-nominal motion
conditions arising from practical issues demonstrate
viability of our approach. The work is summarized
with final remarks gathered in Section 8.

2 Related Work

Let us briefly review selected motion planning algo-
rithms for mobile robots with bounded curvature of
motion in the presence of state constraints repre-
senting cluttered environment. Emphasis is put on
controller-driven methods. A wider review of motion
planning methods for mobile robots can be found in
[28] and [26].

In [32] a particular polynomial spline analyzed in
[41] was utilized in conjunction with a multicriterial
optimization algorithm to plan autonomous parking
maneuvers. This solution, although attractive due to

its ability to generate G>-continuous paths, assumes a
fixed number of splines and predefined motion sense
(forward or backward robot motion) dependent on spe-
cific maneuver type and motion environment topol-
ogy. According to the authors of [32], those assump-
tions can be lifted at the expense of utilizing stochastic
global optimization algorithms, which are character-
ized by high computational cost and potential conver-
gence problems. Even under mentioned assumptions,
the authors of [32] design a nonlinear optimization
problem, for which in general only locally optimal
paths are attained. Moreover, to satisfy state and cur-
vature constraints, discretization in the domains of
robot configuration and path parameters must be per-
formed. Those issues remain relevant for various other
methods based on nonlinear optimization or direct
nonlinear optimal control such as [16]. Nevertheless, a
promising local planning and control system utilizing
a similar methods was proposed in [51].

One can also find several approaches relying on
formulation of a MILP (mixed-integer linear pro-
gramming) problem for model-predictive control or
planning, utilizing discrete time problem formulations
with explicit discretization of controls such as [3, 19,
46, 53]. Another interesting approach shown in [49]
depends upon consideration of obstacle avoidance
problem using optimal control framework.

Another approach shown in, e.g., [31, 37, 42, 48,
55] relies on utilization of graph search algorithms to
find a path in a lazily evaluated graph representing
discrete points in state space connected by reference
motions taken from a finite set of precomputed motion
primitives. In the same spirit, an interesting combina-
tion of purely geometric space exploration followed
by motion primitive based planning similar to [45]
was proposed in [4]. Such an approach is very flexi-
ble, since it utilizes a well known versatile grid-based
environment representation and makes it conceptu-
ally easy to consider nearly arbitrary nonlinear system
dynamics. On the other hand, such lattice based plan-
ners may have high memory requirements and can be
applied only for discretized dynamical systems.

Moreover, care must be taken when designing
a finite set of motion primitives utilized in vari-
ous sampling-based or lattice-based planners. Many
motion primitive sets constructed by sampling of var-
ious control signals may produce path segments hard
to describe or approximate analytically, posing issues
for feedback control during motion execution. This
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problem can be alleviated by sampling in the space
induced by a family of control policies. Such a concept
is in fact very similiar to the work presented in [5].
Worth noting that the assumption of a discrete set of
motion primitives excludes asymptotic convergence of
a computed motion plan to a solution, which is glob-
ally optimal w.r.t. assumed cost functional as shown,
e.g, in [38].

Recently, we observe fast development of
sampling-based motion planners building upon
the concept of RRT (Rapidly Random exploring
Trees) [11, 15, 17, 20, 23, 30] and other closely
related probabilistic approaches such as [13]. Their
controller-driven variants are usually obtained by
integration of a specific extend procedure into the
planner. Utilized extend procedures range from
general optimal-control approches such as [40],
through spline path segments (e.g., [18, 54]), to
more controller-driven approaches such as simula-
tion of mobile robot with closed-loop control system
proposed in [38] and control-Lyapunov function
approach from [39]. Sampling-based algorithms are
attractive due to their generality and ability to cope
with virtually any robot and motion environment
model. On the other hand, in general, they guaran-
tee only probabilistic completeness as opposed to
resolution completeness and can suffer from slow
convergence to optimal plans for nonholonomic
systems. What is more, in some cases their computa-
tional efficiency can deteriorate in environments with
very narrow passages due to their otherwise benefi-
cial Voronoi bias property. However, the intensity of
this effect seems to be rarely high enough to severely
impact planning on modern hardware. It is worth
noting, that their efficient implementation can be a
complex task due to auxiliary algorithmic problems
such as, e.g., nearest-neighbor search.

Reviewed planning algorithms are often comple-
mented by methods used for postprocessing sub-
optimal plans using local optimization algorithms
such as [24, 56]. In the same manner, one can
utilize path generation methods [1, 10] providing
continuous-curvature approximations of Dubins [6]
and Reeds/Shepp [43] paths, which are time-optimal
and highly applicable to cluttered environments (see
[2D.

The presence of various issues in the above
reviewed motion planning algorithms justifies fur-
ther investigation of the problem and development of
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alternative solutions. One such approach is the method
based on global optimization, which is proposed in
this work . Namely, in contrast to the method proposed
in [32], we formulate a MILP optimization problem to
find a sequence of waypoints, and, as a consequence,
ensure convergence to global optimum w.r.t. assumed
criteria and constraints for a given waypoint orienta-
tion discretization resolution. The number of motion
segments, which is related to the number of splines in
[32], does not need to be fixed but it can be fixed if the
motion task at hand specifically requires so. Note that
the proposed method considers optimization in the
whole motion environment at once as opposed to [49].
While such a global approach can potentially lead to
better solutions, it is also characterized by larger com-
putational cost. The local method from [49] avoids
the high computational cost and potential infeasibility
thanks to consideration of one obstacle at a time. This
allows for fast online replanning, which is usually not
attained by the global methods. It is also worth noting
that our approach requires only discretization in the
space of waypoint orientations. Waypoint positions
are planned in a continuous domain, while state con-
straints and curvature constraints are checked exactly,
i.e., without any approximations and using analyti-
cally derived conditions. This differentiates the pro-
posed method from the ones available in the literature
and is congruent with the ongoing trend of seeking
more efficient constraint checking procedures (visible
in works such as [22]), and with efforts to guaran-
tee constraint satisfaction in a continuous domain, see
e.g., [25]. The benefits and necessity of seeking feed-
back control policies as opposed to open-loop controls
or parametric paths has been also argued extensively
in [5, 29, 38, 39, 44].

In our approach we utilize MILP optimization,
which is also used in other MILP-based methods such
as [3, 19, 46, 53]. However, there are significant dif-
ferences between those methods and our approach.
Namely, the method proposed in [53] is applica-
ble only to linear dynamical systems (specifically,
authors assumed point-mass dynamics), while in the
present paper we consider unicycle kinematics with
bounded curvature of motion, which is a strongly
nonlinear system with a nonholonomic constraint and
input constraints imposed. Since other MILP-based
methods generate optimization constraints directly
based on system dynamics (as opposed to our method
leveraging the VFO control law), they are inherently
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limited to only linear systems, since other differential
constraints cannot be expressed as linear constraints
in a MILP. Thus, other MILP methods cannot be
directly applied to a kinematic unicycle. Note that due
to the presence of a nonholonomic constraint, unicy-
cle kinematics cannot be linearized without serious
consequences. Namely, if one applies a local Taylor
linearization at a constant operating point (such as a
waypoint configuration) to the unicycle kinematics,
the resultant linear system is not fully controllable
as shown in [36]. The linearization of unicycle kine-
matics with a time-varying operating point is also not
possible in the case of our problem, since the loca-
tion of this point is not known at planning stage. On
the other hand, application of the input-output feed-
back linearization loop to unicycle kinematics results
in a loss of direct control over a robot orientation
and ability to only control a position of an auxiliary
point displaced w.r.t. the guidance point of a robot
platform, which is also not acceptable for our prob-
lem. Even if one neglects the above arguments, makes
an assumption of a linear point-mass dynamics model
from [53], and attempts to incorporate the curvature
constraint by constraining curvature of a path drawn
by a position output of dynamics given in [53], one
arrives at a nonlinear constraint resulting from cur-
vature constraint involving velocity and acceleration
components, which cannot be represented as a linear
function of the variables introduced in [53]. Similar
arguments can be formulated for other MILP-based
methods.

Moreover, MILP-based methods considered in the
literature guarantee constraint satisfaction only for a
discrete set of time instants, while our approach gives
such guarantees in continuous time and configura-
tion domain (even though waypoint orientations are
chosen from a discrete set). It is also worth empha-
sizing that the algorithms from [3, 19, 46, 53] plan
piecewise-constant open-loop control signals, while
our method generates a sequence of feedback con-
trol policies. The policies are ready to execute and
they generate a continuously varying feedback control
signal (everywhere except a finite sequence of switch-
ing points between the waypoints). Precise maneuvers
can be planned with a relatively low number of way-
points due to consideration of a continuous planning
domain as opposed to a finite set of motion primi-
tives as proposed in methods utilizing grid search. On
the other hand, design of a feedback controller for

the plan provided by a classical MILP-based planner
generating open-loop controls is a nontrivial prob-
lem. The same observations can be made for other
similar approaches such as [3] and [46]. Note that
the controller-driven sampling-based methods such
as [38, 39, 44] guarantee satisfaction of state and
curvature constraints using discretization.

It is also important to note, that the proposed
controller-driven planning method has certain limita-
tions. Namely, it is characterized by a relatively large
computational cost due to the fact, that it involves
solving an optimization problem formulated as MILP,
which is known to be NP-hard, as opposed to sev-
eral other formulations. Furthermore, as stated in
Section 3, our approach requires exact geometric
knowledge of a robot motion environment. The pres-
ence of uncertainties is not explicitly considered.
While uncertainties can be possibly handled by con-
servatively formulating state constraints and by online
replanning, such an approach might be time consum-
ing due to the computational cost of MILP optimiza-
tion. However, in contrast to local planning methods,
our planning method is designed as a global one.

3 Prerequisites and Problem Statement
3.1 System Model and Notation

We model a mobile robot as a kinematic unicycle

1 0
g=| 0 |u1+ | cos® |ur=[g; £:0) |u, (1)
0 sin 6

q=10xy1"=[0G"1" € Qfree=Prree xRS Q, (2)
with bounded curvature of motion

ry |ul(t)| <
lua ()| —

where Q denotes robot configuration space with
an admissible subset Q... defined by state con-
straints expressed as an admissible positions set P fyce
(defined in assumption A4), while ¢ is a configuration
vector and u = [u uz]T € U c R? denotes control
input which consists of robot body angular velocity
11 and longitudinal velocity uy of guidance point g
shown in Fig. 1. Curvature bound «}, is a prescribed
constant resulting from robot motion task specifica-
tion. It determines input constraint (3) defining the set

Vi =0 [kl Kp, Kp < 00, 3)
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Fig. 1 Considered curvature-constrained kinematic unicycle.
Red circles denote paths of maximum admissible curvature «;,

of admissible control inputs 4 = {u € R? : lup| <
Kp |u2]}. Model (1) contains essential nonholonomic
and curvature constraints imposed on robot motion.
Thus, as argued in the Introduction, it can be utilized
as a basic building block for modeling more com-
plex kinematics and motion task specifications. For
example, constraint (3) can be defined by steering-
angle and articulation-angle bounds resulting from
mechanical construction of car-like and tractor-trailer
robots, respectively, or prescribed motion smooth-
ness requirements resulting from, e.g., fragile payload
carried by the robot.

In this paper we assume that the robot is driven
through a sequence W of N + 1 waypoint configu-
rations, which is also called a plan. It is defined as
follows:

W2 {guli,- “)

dai = [0ai Xai Yail" = [0ai ;1" € Qfree

where q,; is the i-th waypoint. During the subse-
quent analysis we often express variables in coor-
dinate frame fixed at the (i + 1)-st waypoint.
Symbols expressed in the local coordinate frame
{i + 1} are denoted with upper index *1”. Vari-
ables denoted without an upper index are expressed

in the global coordinate frame. For example, qf;lfl =

i1 i+l i1 -1_~1TT
[%T Xgr YZF] = |0 (qi;{) denotes the
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i-th waypoint expressed in coordinate frame fixed at
the (i + 1)-st waypoint as shown in Fig. 2. Plan W
splits robot motion execution process into N segments
with index i denoting a motion segment number. We
say that the robot is in the i-th motion segment, when
itis driven towards (i 4 1)-st waypoint. The current i-
th segment is switched to the (i 4+1)-st one at time #; 1,
as defined in assumption A2. We denote by 7; =  — ¢;
the relative motion-segment time.

3.2 Problem Statement and Assumptions

Let us investigate the controller-driven motion plan-
ning task dedicated to the VFO control law and
defined as follows.

Problem 1 Given an admissible subset of configura-
tion space Qe S @, an initial configuration g (¢ =
0) € Qfree, and goal configuration gy € Q free, the
objective is to plan a waypoint configuration sequence
W (cf. (4)) such that its sequential execution with the
VFO control law applied to system (1) with constraint
(3) guarantees that

V>0 q() € Qfrees
and

i) =L qun. 00 =3 @un mod 27) .

0.6 i . . | i-th waypoint
A v . (i+1)-st waypoint
AV U int. curve for u;=0.51
int. curve for ;=0.85
0.5
04
03 |
0.2
Xi+1
0.1
0 ydi +1 ‘ X di+1 ‘ ‘
-0.2 -0.1 0 0.1 0.2 0.3 0.4

Fig. 2 Paths of a unicycle driven by the VFO controller under

nominal conditions during i-th motion segment execution for
- Zit1 i

two values of u; coefficient. (note: h;+ and v;H have been

illustrated for k, = 1)
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with T' € (0, oo) being a control time-horizon.

Problem 1 shall be solved under the following
assumptions:

A0, q40:=q(@=0)

Al. Robot body is represented by a point in Q .
and Q f,. is appropriately shrinked to account
for actual robot body size.

A2. The robot switches motion execution from the
i-th motion segment to the (i 4+ 1)-st one at
time #;.41, when || g (ti41) | < €, where || - ||
denotes the Euclidean norm, and ¢ > 0 is a
design parameter.

A3. Every robot orientation 6 is admissible.

A4.  The set of admissible robot positions Py, is
known a priori and given by sequence of M + 1
convex polygons

Prree P}y M >0

with

da0 = [ xa0 YdO]T ¢ 0Pfree A
Gay = [ Xan yan ]T ¢ 0P free,

where 9Pfr.. denotes the boundary of set
pfree~

AS5. Subsequent polygons share a transition edge
Ejt1, thatis,

5.,'4_1 éPjﬂPj_H, vVjef{o,1,...,M—1}.

A6. Nopolygonin Py, contains an edge co-linear
with vertical line x = ¢, ¢ = const in the
global frame.

A7. Polygons shall be visited sequentially, i.e.,

Viel0.l....M—1} Yreltj.1;114() € P, and
Vie{o,1,....,M—1} Vtrélt,tj1]1q@) ¢ P,

where ¢; denotes the time instant during which
the robot passes from polygon P; to polygon
Pit1,ie., q)) € &;.

Assumptions AO through A7 were made for two rea-
sons. First, they simplify the description of state con-
straints used during planning. Second, they help in
sound and efficient formulation of the optimization
problem solved by the planner. Their conservativeness
is often not an issue due to preference for planning
safe maneuvers, which should keep the robot suffi-
ciently far from obstacles in many practical scenarios.

Polygon sequence Py,e. satisfying assumptions
A4-A6, such as the one in Fig. 3, can be obtained
from a motion environment map in two stages. First,
environment map is decomposed into convex poly-
gons utilizing algorithms such as [47] (for arbitrary
polygons) and [14] (for grid-based maps). Second, the
generated decomposition can be treated as a graph of
polygons, which can be searched using, e.g., Dijk-
stra’s algorithm to find the sequence Py, .. In the next
Subsection we will sketch our solution to Problem 1
exploiting a structure of the described environment.

3.3 General Description of the Proposed Solution

The planning algorithm proposed in the sequel is
designed to generate waypoint sequence W using the
controller-driven methodology. Thus, we begin with
studying useful properties of the closed-loop system
resulting from application of the VFO control law to
system (1). Sufficient conditions for motion segment
execution without violation of constraint (3) under
specific nominal conditions are derived in Section 4.2.
After that, Problem 1 is separated into two subprob-
lems: waypoint orientations planning and waypoint
positions planning. A method of determining a set of
possible waypoint orientation choices and encoding
those choices as binary decision variables is pro-
posed in Section 5.2. Subsequently, we show that the
remaining problem of waypoint positions planning is
linear. Those two problems constitute a single MILP
(mixed-integer linear program) with the integer part
corresponding to waypoint orientations planning and
the continuous linear part corresponding to waypoint
positions planning.

In Section 5.4, the simplest case Qfree = Q is
assumed and insights about VFO properties are used

ngo P

Fig. 3 Exemplary environment Py, defined by a convex
decomposition resulting in 3 polygons
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to formulate waypoint positions planning for a given
sequence of waypoint orientations as a MILP. This
formulation constitutes the core of our approach.

In Section 5.5, conditions for satisfaction of state
constraints given by a single convex polygon are
derived and used to extend the MILP to solve Prob-
lem 1 for the case P e = P o, which corresponds to
planning in a single convex polygon.

In Section 5.6, the general case of Problem 1 is
treated as a concatenation of planning problems for
consecutive polygons in Ppgye., which are coupled
by additional constraints placing last waypoints in
consecutive polygons on the corresponding transition
edges &;.

In the next Section, the VFO control law will
be recalled and analyzed to an extent necessary for
understanding of the proposed planning algorithm.

4 Principles of the VFO Control Strategy
4.1 VFO Controller for the Waypoint-Following Task

For simplicity of subsequent planning algorithm
design, let us formulate the VFO control law for the
waypoint-following task taken from [34] by express-
ing all of its components in the (i 4+ 1)-st waypoint
coordinate frame as follows:

A hl+1
“= |:,o, o cos( ’+1>:| ©)

where:
L2 felt! 4 gitl,
e;jl A 91+1 01’-’1‘]’ (6)
o' £ Atane (oih ! oihli!) € R, 7)
—itl hl+1
B = [hf”ﬂ £ —kpg't! + 0], ®)

1
B2 o ’—H-IH[ ] Z_z

p
U, for i <N -1,

|7
mfor l:N—l,

&)
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where design parameters kq, kp, Uz > 0 and n; €
(0, kp) are constant, while operator Atan2c (-, -) : R x
R — R introduced in [8] corresponds to the con-
tinuous version of Atan2 (-, -) function. The orienting
control u; aligns robot configuration with the con-

vergence vector field hf“ £ [h’“ (th) T, the
integral curves of which tend to the (i +1)-st waypoint.
This alignment results from tracking of auxiliary ori-
entation 6’ +1, which corresponds to minimizing of
the auxiliary orientation error e'+1 Convergence vec-
tor field hﬁ“ can be shaped using relative directing
coefficient u; € (0, 1), which is a normalized ver-
sion of directing coefficient n; € (0, k) originally
defined in [8]. As shown in Fig. 2, relative directing
coefficient w; influences a convergence character of
orientation € to waypoint orientation 6,;41. Motion
sense in the i-th motion segment is determined by
a decision variable o; € {—1, 1}, where 0; = —1
forces backward motion while o; = 1 forces forward
motion. Robot longitudinal velocity is determined by
velocity profile p;, which can be shaped flexibly as
stated in [34]. Proposed definition (9) is designed to
ensure that robot will travel through waypoints with
prescribed constant velocity U, and gradually stop
at final waypoint configuration ¢q ;. For brevity, we
omit the design of more complex velocity profiles and
refer the reader, e.g., to [52] for algorithms comput-
ing time-optimal profiles with prescribed intermediate
velocities. Design parameter k, can be chosen heuris-
tically as k, = 2 U; to make curvature of robot motion
independent of chosen U, value when e;fl # 0.

Relevant stability guarantees and convergence
properties of the closed-loop system with the VFO
control law in the absence of curvature and state
constraints are summarized by the following lemma
proven in [34].

Lemma 1 Assuming kp = 00, Qfree = Q and way-
point switching strategy given in assumption A2, the
application of control law (5) to system (1) yields the
guarantees:

G1. Robot orientation 0 converges exponentially
fast to the auxiliary orientation 0,;, which con-
verges to waypoint orientation 64i11 in the
sense 0,4i(t) — (B4i+1 mod 2w) as q(t) —
9ai-
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G2. Robot position q converges to the assumed
neighborhood of waypoint position q y; in finite
time, that is,

VO<i<N 3ti<oo: [qu—q@)| <e.

G3. Robot configuration q converges asymptoti-
cally to the final waypoint configuration q ;y in
the sense

a0 =2 qay. 00 =2 Gay mod 27),

where T € (0, 00) is a control time-horizon.

Let us now introduce the notions of nominal and
non-nominal conditions utilized in further considera-
tions. If one assumes switching distance ¢ = 0 in
waypoint switching condition from assumption A2
and perfect tracking of auxiliary orientation 9;?'1 ,1.e.,
eﬁjl(t,-) =0 = efjl(t) = 0, one says that the
motion execution takes place under nominal condi-
tions. In those conditions, consecutive waypoint posi-
tions are reached accurately by the robot. Obviously,
nominal conditions are impossible to achieve during
the practical motion execution due to sensing noise,
imperfect actuation, etc., but they can be very closely
approximated. Thus, we will utilize the nominal con-
ditions in the subsequent formal considerations, since
they are formally possible. Violation of the nominal
conditions will be addressed in Section 6.

4.2 Characteristic Properties of the VFO Control
System

Recent analysis of closed-loop dynamics with the
VFO control law under nominal conditions exposed a
number of features useful for motion planning. They
will be presented in the form of three main properties.
Property 1 For y’Jrl # 0 application of control law
(5) to system (1) under nominal conditions implies
that robot position g converges to the (i + 1)-st
waypoint position g, along the integral curve

fii+1 (yi+17 pi) given by

N i 1 Mi 0 i
Lt = m\yz“\ [( :) _ (Jp_tl> ] (10)

with
pi & y{";] exp <M) , (11)

where p; is treated a parameter. In case when y”'l
0, the integral curve is a line yH‘1 =0.

Remark 1 The parameter p; in (10) corresponds to
such coordinate y'*! > 0 where f’Jrl (™, pi) =0,
that is, it describes a point at which curve (10) crosses
the y-axis of the (i + 1)-st waypoint coordinate frame.

. —i+1
Proof Let us assume temporarily that p; = H hz~+

Such an assumption can be made without loss of gen-
erality, because an integral curve of the closed-loop
system is determined by the value of auxiliary ori-
entation 9;1.“ given by (7), which (under nominal
conditions) does not depend on the velocity profile
pi- Under nominal conditions, substitution of p; =
” Bt H into (5) yields g+ = &' '

; > which implies

L (8) . .
VS —kpy ey @ =y exp(—kpn). (12)

X_i'i‘l (2 _kp (xi+1 +GM H ql"rlH) (13)

One can solve (13) by substitution x't! = z;yi*+!

that is possible only for y'*! £ 0, which in turn

imposes yiT! # 0. Thus, we will analyze the two
cases corresponding to y’Jrl — 0 and yl+1 £ 0,
respectively.

In the case of yl+1 0, one has yi+1(ri) =0
immediately from (12), which means that the integral
curve must be y' ! = 0.

I‘Ii- Ehe case when y"lj'l # 0, one substitutes x

1

z;y'™" in (13) and after some algebra obtains:

i+l _

Ly gty =—kpyi+1
(z,' +ojpisign (yiH)\/ (zi)?+ l) ,
which can be further simplified using (12) to:
(z','—kpz,')yiﬂ :_kpyiJrl
(zi+a,~uisign (yi+1>M) )
Now one can arrange the variables as follows:

zi = —kpoipisign (v V(z)? + 1,
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separate them,

dz;
V)2 +1

and integrate by sides to obtain

= —kpo;wisign (y' 1) d,

arsinh (z;) = —k,0;4;sign (yi+1) 7 + C;,

where C; = const is an integration constant. After
computation of C; from boundary conditions and
returning to original variables one arrives at the solu-
tion:

x'+t1=sinh [—kpa[ sign (y”l) Wi Ti
~+arsinh (xzrl/y”rl)] i+l (14)

It can be seen that there are infinitely many pairs

(xt’;l, yéﬁrl) corresponding to the same curve (14).

Now we will compute p;, such that a pair (p;, o;) cor-
responds to a single integral curve, which is a function
of yi*1 as opposed to time. Let us start by consider-
ing the interpretation of p; given in Remark 1. Since
pi corresponds to such y'*! > 0 along the integral
curve (14) that f""'1 ( i+l pi) = 0, we look for a ;
corresponding to f"H ( i+l pi) =0

. . arsinh(x/ 1yl
[ p) =0 D = —,Epfjlafyd’ ) as)
Substitution of (15) into (12) yields (11) correspond-
ing to y'*! satisfying the interpretation of p;. If one
eliminates t; from (14) utilizing (12), and once again
uses the interpretation of p; from Remark 1 to sub-
stitute y;'fl = p; and xH'l = 0 in the resulting
expression, then after some algebra the parametrized

integral curve (10) is obtained. Observe that the pur-

pose of substitution y;! = p;, x/F! = 0/is to change
parameters of curve (14) from xéﬁ’l, yfifl top;. O

Corollary 1 For every a > 0 the scaling relation
ey ™ ap) = affT G, pi) s sarisfied by
the integral curve (10).

Proof 1t is known from Remark 1 and proof of Prop-
erty 1 that p; is, by construction, a specific value of
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yi*1. It means that multiplication of y'*! in (10) by
factor « requires also multiplication of p;, by factor «.
Given this observation one can write:

i+1 i+1\ M i+1\ M
f”H(oty Lapi) = ailo:yl+ ‘ Oly"" : (xyt+
2 ap; ap;
B oilay’ ™ yitl "l_ yit! —Hi
2 pi pi
=affT G p,
which proves the postulated relation. O

The easily verified scaling relation described by
Corollary 1 is key in our planning approach. Still,
to effectively plan robot motion under curvature con-
straint (3) one must analyze curvature of integral curve
(10). Results of this analysis are summarized in the
following property.

Property 2 Under nominal conditions and for u; €
(0.5, 1), curvature «; (yi+1, pi) of the integral curve

FFN (v, pi) (cf. (10)) is bounded, that is,

. Ki ”i+1, 1
h@MmMsK=L%?rﬁsw (16)
l

where curvature ; (yi+1, p,-) is given by

yz+l (//. 0+ 1} "
& (y7+pi) = oan
5 2 ’+l(‘1+1 p) 3/2
oi(ri)”\1+u; +20i i —5—"--

2j1+1( il Pi))

>

. 2
oA \/(fim (yH»l’pi)) +(yi+l)2’ (18)

and point 5! at which curvature &; (y'*!, p;) of
curve f; i+l ( i+l pi) attains its extremum is given by
1/2pi
3,2
~idkl _ =65+ +2u+3 1
Yoz <p‘ G307 P2 > 19
with

4 1/3
P1 = <3P6—P3> s
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by — 4p? (18uf +3p — 17u2 — 1p, +7)’
9p1 (i + D* @Qui +1)?
2
P = @+ D 1 T
pa = —6uf —5u3 +3uF + 51 +3,
pa(—6uf + 513 +3u? — Spi +3)
P = 62 + D2 + 16
e o / 9 (s — D3 (=36} + 332 — 29)
Qui + D3 + 1P
CQu— D — 1)
@i+ )i + D3

)

Proof One can obtain relation (17), corresponding
to the curvature of integral curve fi"H (y’ + pi) by
considering (3) under nominal conditions as follows:
P2 @ uyp @ ﬁ

i = =

u oipi’

After computing 9"”“ by time-differentiation of 0;;“
given by (7), substituting #'+! = 6! (upon the
assumption of nominal conditions) and x't! =
v+, pi) (by virtue of Property 1) into the
resulting expression, one applies some algebra to
obtain (17).

It can be seen from (17) that, similarly to the
integral curve (10), for every o > 0 relation

9 7 /2( i+1’ )
Ri(ay ™ apy) = % (20)

holds, because using Corollary 1 one can write
. i1yt
ayit! (Mi + Wi af; fx)r[ P ))

i1 32
P+ il
a? (r)? <1—+—ui2 + 20, i W)

. 17)
iy, apy) u

which can be reduced to &; (x't!, y'*t1) /. It is known
from Corollary 1 that scaling y'*!' in (10) by a
positive factor o corresponds to scaling of p; and
ff“ (y'*1, pi) by the same factor, hence after con-
sidering relation (20) one concludes that, for any o >
0, curvature of robot motion along curve (10) with
parameter p; multiplied by « corresponds to curvature
of robot motion along the original curve (10) divided
by «. It means that one can compute the bound K; as
given by (16) for an integral curve (10) with any p;

if the supremum of curvature of motion \i?i (&H‘l, 1)|
attained at point 3! for the specific integral curve

(10) with p; = 1 is known. Thus, we will now
assume p; = 1 and focus on finding the supremum
[k (3 D).

To find the supremum |/?i (i”l, 1)|, one must first
analyze the behavior of &;(y'T!, 1) as y'*! — 0.
For simplicity, let us consider the limits of the follow-
ing two auxiliary expressions for the particular case
pi =1

i+1 i+1
i J O
yi+l_>0 ri

, 0.50; ((y'TH2H — 1)
lim
yitl0 \/0.25 ((yi+1)4p_,- +1— z(yi+1)2p.,») + (yi+1)2p.,»

(10)

= —oj,
and
i+1 4
lim 2o iim — —

yi+tl50 (r;) yi+tl 0 (yi“) —2Mi + (yi+l) 24 +2y,'+1

= Kii,
where
ui < 0.5 = k| = oo,
ni =05 = |ki| =4,
ni > 0.5 = |kl =0,
with the value of «;; for u; = 0.5 computed under

the assumption of 0° = 1 as suggested in [7]. Using
computed auxiliary limits one can write
i+1 1 (2) K (MiUi—UiM,'z)

lim «&;( )
iy oi (142 —2 Mi)a/z

yi+1_)0
which in light of scaling relation (20) means that
Vpi limyia o & (y"+, pi) = 0 for p; > 0.5.

Thus, assuming u; € (0.5, 1) one concludes that
the supremum |&; (7' !, 1)| occurs at the point 3!
where 9 |k; ("1, 1)| /9y*! = 0. It remains to com-
pute 31 by differentiation of curvature relation (17)
w.r.t. y'*t1 which yields:

i <fiz+1 (yi-i-l, pi). yi+l)‘ N
- = =< = 0,
ayt+1 M;

a

where M; # 0 and N; are polynomials of y'*!. Since
one can show that M,- = 0, it suffices to find a solu-
tion of 1\7,- = 0, which can be obtained by substitution
v = (yi +])2/1-i and explicit solution of resultant cubic
polynomial, yielding two conjugate complex roots and
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one real root 7' *! given by (19). Existence of a single
real root means that 7'+ is exactly the point at which
curvature along considered specific integral curve (10)
with p; = 1 attains its extremum ]/?,- G, 1)]. Since
|/2,~ G, 1)| corresponds to curvature bound K; for
the case of p; = 1, one can compute the curvature
bound K; for an arbitrary value of p; by applying the
scaling relation (20), which yields (16). O]

Corollary 2 Under nominal motion conditions, con-
straint (3) is satisfied in the i-th motion segment
iff q'+1 is such that |p;| > ppi, where pp; =
|&i G, D] kb (cf. (16)).

Corollary 2 results from substitution of K; = kj in
(16) to find a boundary value of p; denoted by py;. Itis
graphically illustrated in Fig. 4. The sets of admissible
integral curves shown in blue and magenta, respec-
tively, have the borders, which are integral curves (10)
evaluated for pp;. While Properties 1 and 2 along with
Corollary 2 are strong motion planning tools, there
is another useful characteristic of the VFO control
law anticipated by Corollary 1 and captured by the
following property.

Property 3 Under the nominal conditions, let us
GiTH‘ < 7/2. Then

assume o; = —sign (xt’ifl) and

for a given waypoint orientation 9’“ the position qhLl
of the i-th waypoint lies on a lme

i+1 _ z+1 i+1
Yai =4 Xgi >

where

i i i 2 2 +1_i
4+ = Pilkiy/ b —di 1 ‘P’ & =tan( z+1) @

i ¢2

Fig. 4 Integral curves (10) 1
for g4; = 0 with backward- N -
(left-hand side) and forward N
(right-hand side) motion 05
sense. Blue and magenta

curves have absolute values LyIm]
of curvature lower than «j.
Therefore, under nominal
conditions, if initial position
qif] lies in blue or magenta
region, then constraint (3) is -0.5
satisfied within the i-th

motion segment
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NN NNUNNNUYTT 1
——1,ui=0.7,1<b=3m_

Proof From the definition of nominal conditions we
know that e"H = 0, therefore

91+1 — eéjl (tl)

D Atan2e (a,'hi;l ), O’,'/’l;_l!—l (ti)) )

which under assumption

05" | < /2 yields

. ht+l ®) i+1
9(’1?1 = arctan | -7 | = arctan | — 2di -1 |-
hy; xi o || gl

Along a straight line y’Jrl a’“xt’;l one obtains

i+1
9’“ = arctan a’—2
1—p; 1+(“£+1>
which after taking ¢; = (9’+1 ), leads to
a{'+1
¢ = —F———,

1+(al':+1)2

which can be solved w.r.t. al': + yielding one positive
and one negative solution. The choice of the appro-
priate solution is possible thanks to the assumptions

of o; = —sign (x";%), and GH'I‘ < /2, which
ensure that the integral curve £/ ! (y'*!, p;) is con-

tained entirely in a single quadrant of coordinate frame
{i + 1} (cf. Figs. 4 and 7 for graphical interpreta-

tion). It means that given sign (9’“) and o; one can
clearly determine the appropriate quadrant of coor-
dinate frame {i + 1} and the value of sign (a’“)
for segments contained in this quadrant. Under the
9i+1‘
di

assumption of < /2, one concludes that

rvrtrrrss s s S,

_ _ _ —1
ci—1,ui_0.7,1<b_3m .

1

\|

1
0.5 1 - -0.5 0 0.5 1
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sign (¢p;) = sign (af H). Thus, from the two obtained
solutions one chooses the one satisfying sign (¢;) =

sign (af“). That solution is (21). ]

In the sequel we will use properties of the VFO
control law proven above to design the VFO-driven
motion planning algorithm solving Problem 1.

5 The VFO-Driven Motion Planning Algorithm

5.1 Formulation of Problem 1 as a General
Optimization Problem

In what follows we assume o; = —sign (x;;q) and

G{fliﬂ‘ < m/2 to utilize Property 3. Using results
from Section 4.2 one can formulate the task of find-
ing a waypoint sequence corresponding to a solution
of Problem 1 as the following dynamical nonlinear
optimization problem:

. N-1 ' ( ; 1) 22)
min Z Zi qdi ’ 22
0

i+1 Nl i=
9ai f;_q

subject to constraints:

1 0
g=1|0|u +| cost |uy, (23)
0 sin 0
hi-!—l
ui ai
= = ; 24
“ |:u2:| |:pl~ o; COS (ei;l) ’ 24
Vi € [0,T] q(1) € Qpree, (25)
. 7T .
9;;1(55 Vielo,...,N—1), (26)
|pl|2pbl Vle{ova_l}’ (27)
N-1
60 = 6an + Y_ 04", (28)
i=0
N-1 _
qd() = qu + Z R(Qdi-}-l)éz'rl» (29)
i=0
A | cos@ —sind
R@®) = [sin@ cos 6 ]’

where T € (0, co) denotes a control time horizon and
R is a 2D rotation matrix. Cost function z; in (22)

represents an arbitrary additive cost-to-come measure
such as, e.g., predicted robot path length. Differen-
tial constraint (23) is imposed by assumed kinematic
model of a unicycle (cf. (1)). Since Problem 1 postu-
lates application of a feedback control law, the control
input u of system (23) is given by (24) correspond-
ing to the VFO control law (cf. (5)). Constraint (27) is
formulated to guarantee satisfaction of motion curva-
ture constraint (3) under nominal conditions by virtue
of Corollary 2. An effective formulation of state con-
straints given by (25) is derived later in Section 5.5.
For now, in anticipation of that formulation we impose
an additional constraint (26) to guarantee that Prop-
erty 3 can be used. Boundary conditions are enforced
by equality constraints (28) and (29), which reflect
the requirement that planned waypoint sequence must
start and end at prescribed configurations ¢q,, and
q 4N respectively. Observe that constraints (28) and
(29) result from utilization of homogeneous 2D trans-
formations to represent prescribed initial configura-
tion g0 in terms of prescribed goal configuration
q 4y and decision variables qf;i’l, which correspond to
waypoint configurations expressed in local coordinate
frames of subsequent waypoints.

Remark 2 Note that differential constraint (23)
imposed by unicycle kinematics is represented in
continuous time and robot configuration domains,
as opposed to discretized state transition equations
assumed in various methods available in the litera-
ture. Constraints (23) and (25) necessitate constraint
satisfaction checking in continuous time and robot
configuration domains, which is possible thanks to
the application of the VFO feedback control law and
utilization of its properties developed in Section 4.
In our approach, we opted for MILP formulation to
perform the optimization in (at least partially) a con-
tinuous domain and exploit linearities visible in our
optimization problem. It is worth noting that while
the discontinuous portion of our MILP model corre-
sponds to discretization of robot orientation values at
waypoints, the constraints (23)-(29) are satisfied in
a continuous domain (i.e., no discretization is per-
formed) and the planned VFO feedback control poli-
cies are also continuous. To the best of our knowledge,
straightforward application of global optimization
algorithms such as sampling-based or grid-search-
based methods to optimization problem given by (22)-
(29) would require discretization in time, control or
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configuration domain, which is incompatible with our
problem statement.

For a prescribed upper bound on number N of
motion segments, one can attempt to solve the pre-
sented nonlinear optimization problem using proper-
ties from Section 4 and continuous nonlinear opti-
mization algorithms. To the best of our knowledge this
problem is in general non-convex. As a result if a non-
linear optimization solver is directly applied, its solu-
tions in general can be only locally optimal, while the
optimization process can be costly and highly depen-
dent on initial guess, which for some optimization
algorithms must be a feasible. To show non-convexity
of the proposed optimization problem formulation it
suffices to notice that even if one assumes convex-
ity of z; (‘d#) and neglects state constraints (25),
there remain two constraints violating assumptions
of convex optimization problems. First, equality con-
straint (29) is non-linearly dependent on waypoint
angles 0;?1. Second, after representing (27) in terms
of qi;.'l by using (10) and investigating second order

i+1 i+l
edi

partial derivatives of constraint (27) w.r.t. s Xyi

and yZ“l, one determines that its feasible set is non-
convex.

To overcome the described issue of non-convexity,
we convert the above nonlinear optimization problem
to a MILP formulation. The conversion is performed
by applying a waypoint orientation discretization and
selection algorithm described in Section 5.2. Upon
application of this algorithm the number of motion
segments N is determined, while constraints (28)
and (26) are represented by linear constraints with
auxiliary binary decision variables. Subsequently,
boundary position constraints (29) and curvature con-
straints (27) are represented as linear constraints in
Section 5.4. After that, we give an efficient and exact
linear formulation of state constraints (25) represented
by a single convex polygon in Section 5.5, which is
later generalized to a sequence of convex polygons in
Section 5.6.

5.2 Discretization and Preparation of a Grid
for Waypoint Orientations

The goal of the proposed waypoint discretization

algorithm is to generate a waypoint orientation
grid, determining a prescribed finite set of waypoint
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‘ = orientation grid
orientation plan
==-==with segments 3-14

and 22-27 degenerated
I 4

15 | i (motion segment jndex)
"o 5 10 15 20 25 30 35
Fig. 5 Exemplary orientation grid and orientation plan for
640 = 0.5rad, 64y = 1.3rad, N = 1, Ly = 1.6 rad, and
Af = 0.4rad. Orientation plan is generated from the orientation
grid by degeneration of automatically selected motion segments

orientation sequences called waypoint orientation
plans, from which the planner will be choosing an
optimal one. Given a waypoint orientation grid, one
can encode the choice of optimal waypoint orientation
plan using a finite number of binary decision variables
in the MILP as shown in Section 5.3. Exemplary ori-
entation grids are presented in Figs. 5 and 6. Waypoint
orientation 6y; is illustrated as a function of motion
segment index. Notice that, while the number N of
motion segments is fixed, some motion segments can
be degenerated as shown in Fig. 5. When the i-th
motion segment is degenerated its length is forced to

0 10 20 30 40 50 60 70

Fig. 6 Exemplary orientation grid for 40 = 0.5 rad, 948 =
—1.5rad, N, =2, Lg = 1.6rad, and A6 = 0.4 rad
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0, which means that during plan execution i-th and
(i + 1)-st waypoints will have equal positions and
by virtue of assumption A2 the controller will switch
instantaneously to the (i + 2)-nd waypoint as if the
(i+1)-st waypoint did not exist. Such an instantaneous
switch implies that current waypoint orientation will
never change to the i-th waypoint orientation given
by original waypoint grid as illustrated by difference
between the plots of an orientation grid and an ori-
entation plan shown in Fig. 5. An optimal waypoint
orientation plan is automatically chosen by degenera-
tion of contiguous subsequences of motion segments
contained in the waypoint orientation grid as shown in
Figs. 5,6 and 7.

Assuming an ability to degenerate sequences of
motion segments (the technicalities of which are
described in Section 5.4) we propose a heuristic
approach to generation of a waypoint orientation grid.
It shall be generated on the basis of prescribed N;, > 0
periods of a triangle wave with amplitude Ly € (0, ),
and offset 6,0 (cf. Figs. 5 and 6). Moreover, it shall
be quantized with some prescribed resolution A6 €
(0, /2). It is assumed that resolution A is chosen to
satisfy (64ny —640) mod A = 0and Lg mod A6 =0
so that the zeroth motion segment starts precisely at
orientation 6,0 and the last motion segment ends pre-
cisely at orientation ;. A waypoint orientation grid
resulting from such a triangle wave is shown in Fig. 5.

! ! ‘ i+1 ‘
; :
| i1 _ i i
| di ~ i di
05r |
!
g |
- |
> 14
| z !
0 B L d
-, |
-
P |
- 7 J
4
- |
T ‘ - I
-0.5 Ad boundary integral curves : )
| |
| |
‘ i+1 !
] o ‘ x*m L
-1.5 -1 -0.5 0 0.5 1 1.5

Fig. 7 The relation between boundary integral curves (i.e., the
ones evaluated for pj;) and a line of waypoint positions corre-
sponding to a constant waypoint orientation. If the i-th waypoint
i+1

Xgi

is placed on this line and |x;

‘ > xpi, curvature constraint (3)

is satisfied under nominal conditions

It can be seen that in the actual waypoint orientation
grid from Fig. 5 every second waypoint orientation is
equal to the previous one. Such a redundant choice
of waypoint orientations in the grid allows addition
of straight-line motion segments (corresponding to the
same orientation angles at the ends of the segment)
to the generated motion plan, which is of vital practi-
cal importance as explained in Remark 4. As a result
of the above considerations, we propose the following
waypoint orientation grid generation algorithm:

SO1. Choose the design parameters: resolution
A6 € (0, 7), the number of periods Ny > 0
and amplitude Lg € (0, 7).

SO2. Compute the number N of motion segments

as follows:
|0an — B0l A s Lo
NEN,+2—"—""+1, N, £ 8 N £ —
L N R A S Y
(30)
S0O3. Compute the waypoint orientations in the
grid:
Oai+1 = Oai +sign (1-2 (5—[L])) 8 A,
(31
with
+1 for (LIZJ m0d4n) <n A i =N,

+1 for (| £ ] mod 4n) > 3n A i< Np,
& =11 for (LliJ m0d4n) € (n,3n] A i < Np,
+1 for sign (B4n — Bq0) > 0 A 0> Np,
—1 for sign B4y — 640) <0 A i > Np,

where the orientations 6,9, 64 are prescribed
by the user, while |-| denotes the integral part
of a value (i.e. the value is rounded down to
the nearest integer).

The choice of parameters A6, Ny, and Ly is a trade
off between the number of decision variables in the
resulting optimization problem and the resolution of
waypoint orientation grid explored by the algorithm.
This choice can also be determined by specific appli-
cations. For example, one can choose large Ny, (at the
expense of a large number of variables in MILP) to
allow for potential generation of plans with a large
number of robot turns understood as changes in sign of
motion curvature. On the other hand, domain-specific
knowledge arising from a particular motion scenario
(e.g., local planning) could suggest decreasing the
values of Nz and Lg or even shaping the waypoint
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orientation grid differently (see Remark 3). In gen-
eral, thanks to the properties of the VFO control law,
acceptable motion plans are often computed with a
very small number of waypoints corresponding to high
values of A@. That is why we assume in the sequel
a high initial value of Af and iteratively decrease its
value, which corresponds to solving gradually harder
optimization problems.

Remark 3 The strategy of iterative computation of
waypoint orientation sequences is just a proposition.
Based on particular application, one could devise an
entirely different strategy. For example, the waypoint
orientation sequence could be randomized or chosen
according to another heuristic. Any strategy ensuring
that A6 decreases over planning time horizon seems
to be viable in practice.

Remark 4 Addition of potential straight-line motion
segments to the motion plan is a result of practical
considerations. Simulation results have shown that in
large-scale environments or in the presence of tight
state and curvature constraints, one must wait till the
resolution A# is close to O to obtain a feasible solution
due to the lack of straight-line motion planning abil-
ity for larger resolution Af. Addition of straight-line
segments alleviates this issue by giving the optimizer
additional degrees of freedom at the cost of slightly
increased problem size (i.e., a number of decision
variables).

Remark 5 For simplicity of exposition, the proposed
waypoint orientation grid definition assumes fixed
constant value of w;. One can consider a finite set
of u; by adjusting the waypoint orientation grid def-
inition to contain multiple motion segments differing
only by their respective u; values.

5.3 General Formulation of the VFO-Driven Motion
Planning Strategy

In reference to the considerations from the previous
subsection, we propose the iterative motion planning
procedure described by Algorithm 1.

The iterative approach from Algorithm 1 allows for
relatively fast computation of feasible motion plans
optimal for resolution A6 with relatively low compu-
tational cost, due to the fact that first iterations con-
sider motion plans with a small number of waypoints.
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Algorithm 1 VFO-driven motion planning procedure

Vi w; < [t, where fi € (0.5, 1)
n<4,¢ <« o0
while planning time not exceeded do

AO <« 7 /n

Ly < m/2

round A9 to satisfy (64 — 640) mod A6 =0

round Ly to satisfy Ly mod A6 =0

Np < 2(M +1) (M is known from assumption
A3)

compute N and generate the orientation grid
(steps SO1-SO3)

[preprocess the orientation grid using Algo-
rithm 2] (optionally)

generate and solve the VFO-driven MILP

if computed solution cost > ¢ then

return VFO-driven MILP solution corre-

sponding to ¢

¢ < computed solution cost

n<n+?2

Algorithm 2 is optionally utilized to reduce the size
of orientation grid and improve computational effi-
ciency of the planning algorithm by generation of
smaller MILP problems. The algorithm prunes ele-
ments of the orientation grid, which are guaranteed to
be unreachable. Pruning is carried out in a breadth-
first manner starting from the end of the orientation

Algorithm 2 Orientation grid preprocessing proce-
dure

mark all elements of the orientation grid as pruned
O <« {fan}
while ® # ¢ do
A <« pop the first element from ©
P; <« polygon assigned to A
for all 6;; such that L — 64;| < A6 do
if polygon assigned to 6,; is P; then
9;1 il < A— Oqi
compute q!; , such that |p; 1| =
| Pbi—1]
if curve (10) between g, _; and g
contained in P; then
mark 6y4; as not pruned and add 6;
to ®
remove all elements marked as pruned from the
orientation grid
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grid. Pruning procedure utilizes VFO properties given
in the Section 4 and state-constraints checking method
described in Section 5.5. The information on how one
determines which polygon P; is assigned to a given
orientation grid element is provided in Section 5.6.
Since a set of possible waypoint orientations is now
determined by a waypoint orientation grid, we proceed
to waypoint position planning.

We propose to solve the waypoint position plan-
ning problem by solving the appropriately formulated
MILP. For the sake of clarity, first the general struc-
ture of the considered MILP will be given, while
further details along with definitions of particular
matrices and vectors used in our formulation will be
explained gradually in the sequel. The vector of deci-
sion variables & optimized in the MILP is defined as
follows:

sé[xT yT T lT]TeRNxZZNxRN,

with
xc}iNv]!Tl YN SN IN-1
L2 xdz.vfz ye }’1\./72 2 C/\'/fz g IN= ’
x;O }’.0 C.O l;)
where varables xiﬁ’l, i ={0,..., N — 1} correspond

to x-coordinates of subsequent waypoint positions
expressed in local (waypoint) frames, variables y; €
{0,1} and ¢ € {0, 1} encode choices between for-
ward motion sense (y; = 1, {; = 0), backward motion

sense (y; = 0,¢ = 1) and segment degeneration
(yi = 0,¢ = 0) in consecutive motion segments,
while variables /; (when minimized) correspond to

xijl) and have been introduced to model an abso-

lute value function in the considered MILP. Using the
introduced variables, the MILP solving Problem 1 is

defined as follows:
~T ~ ~ - ~
min (1-+wy M) &, I2100Iv iy lo]",

(32)
subject to constraints:

_Ag 02y Ooxy O2xn by

Ty—1 01xn O1xn O1xn by
Ty—201xn O1xn O1xn | & = | bu—2 || (33)

To O1xnv Oy Oy by

FOvxn Aol Ag) Onxy 7 T bot 7
Ovsnv_ _App __ App . Ovxn_ _box
Fn_1 O2gy_xn O2Ey_xN 026y xN byna
Fn_2 O2py ,xn 02Ey oxN 02Ey 5xN bino
_Fo  Opyxn O2mgxn - O2Egxn i< bro - (39)
K, K> K; OnxN by
K4 Ks K¢ OnxN br2
Ovxv_ K7 Ks  Onxn b
A Oyxn Onxn Ap b
L Az Onxn Onxn Ay 1 L b

where [ comprises the positive weights of the cost
vector. The motion cost (32) is a sum of partial
motion costs for all N segments scaled by a factor
(1 + wy N) penalizing high number of motion seg-
ments with wy > 0 being a design parameter. The
partial motion cost for the i-th segment corresponds
to the length of integral curve ff“ (y"*1, pi), which

is calculated by taking the precomputed length I; of
integral curve f{ ! (y'*1, p;) for ‘xf;l) = 1 with
9‘[;1 known from the orientation grid and scaling it
by a factor of /;. The matrices F; and vectors by;
contain state constraints corresponding to ¢ € Q fy,
matrices K through Kg and vectors by through b3
impose curvature bounds, while A, along with b,
handle position boundary conditions, and Agj, Ag>
along with by, bgr handle orientation boundary con-
ditions. Matrices T ; paired with vectors b; for j €
{0, ..., M — 1} ensure that appropriate waypoints are
placed on transition edges of consecutive polygons in
Pfree. Matrices Ay through A4 with vectors by bj2

ensure that min/; =

xZ’l ) In the context of matrices
and vectors, < and > operators denote element-wise
operations. We will now systematically derive the con-
straints used in our problem formulation and represent
them in terms of the above matrices and vectors for
the cases of unbounded configuration space, state con-
straints represented by a single convex polygon and
state constraints represented by a sequence of convex
polygons.

To complete the general description of considered
MILP, we will now discuss assumed cost functional
(32) in details. As mentioned earlier, it corresponds to
the total length of a composite curve resulting from
concatenation of N integral curves fi"‘|r1 (yi“'l, pi)
scaled by term (1 4+ wx N), which essentially penal-
izes motion plans generated by solution of MILPs
with lower values of resolution Af. Since 9;?'1 is

@ Springer
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determined by waypoint orientation grid, one pre-
computes the base integral curve length /; for all
N motion segments numerically in one shot using

(10) and assuming xf;l‘ = 1. It is easy to ver-

ify that the term [; )xﬁ;l‘ represents the true length

of integral curve ff“ (y"*1, pi) length, because of
i
which can be established by virtue of Property 1 and
Corollary 1.

One cannot straightforwardly represent an absolute
value of decision variable such as xzrl in a MILP
cost functional such as (32), because MILP requires
that the cost functional is a linear combination of opti-
mized decision variables. For the purpose of express-

xéfl‘ in the considered MILP, we apply the

linear scaling of integral curve length w.r.t.

>

ing
so-called minimax reformulation and introduce addi-
tional variables /; and formulate constraints ensuring
that min/; = ‘x:;l
ered MILP, motion cost (32) will be minimized, that is
variables [; will attain their minimum values allowed

’. Upon the solution of consid-

by constraints and one will have [; =

i+1
Xy ) To for-
mulate constraints necessary to ensure that min/; =

i+1 i+1] _
Xdi Xdi ‘—

, one must consider the fact that /; =

max {—xf;] , x;;r] }, which implies that constraints

Li>xH A > X! (35)

must be satisfied by /;. Since (35) ensure that /; is

lower-bounded by max { —xfif],x;fl ], it will con-

verge to the value of max {—xé;r] , xiﬁrl] upon min-
imization of motion cost (32) (i.e., upon solution of
MILP), thus [; = ’x";] ‘ will be satisfied. Constraints
(35) can be transformed to the following matrices and

vectors utilized in (34)

Ap &Iy, Ap2-Iy, Au=-ly,

by = 0y.

Ap=ly,
by = Oy,

The cost functional (32) is designed to ensure that
setting wy = 0 will lead to lower total sums of inte-
gral curves lengths, that is, shorter motion plans at the
expense of higher number of waypoints. High num-
ber of waypoints should be avoided if possible due to
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growth of plan representation and resultant high num-
ber of switches between the waypoints during plan
exectuion. Note that the value of (1 + wyN) comes
into play only when the solution of the current MILP
instance is compared with the best solution encoun-
tered so far in of the proposed iterative motion plan-
ning algorithm. For a single MILP instance (14+wyN)
is a precomputed constant, therefore it does satisfy lin-
earity requirements imposed on (32) by definition of a
MILP.

5.4 Planning in Unbounded Configuration Space

Let us consider the simplest planning scenario, where
Q rree = Q. In that case one considers state constraint
matrices F; and transition constraint matrices T ; to
be zero matrices. The definitions of remaining con-
straints constitute the core of our MILP formulation
in this case, and correspond to constraints (27), (28)
and (29) from the general nonlinear problem discussed
earlier.

We now direct our attention to the position bound-
ary conditions from Problem 1, which are represented
by constraint matrix A,. We assume that once a
motion segment is degenerated its length is forced to
0, thus x{’;] = 0 is forced in this case by constraints
discussed later. Therefore, when boundary conditions
and state constraints are considered, non-degenerated
and degenerated motion segments can be treated in the
same manner. Observe that since 9:;1 is determined
by the waypoint orientation grid specified by (31), u;
is determined by choice in Algorithm 1, and since
Property 3 holds, one can describe waypoint position

g't" only in terms of xT! as yif! = a1k with
known a; *1 Thus, position constraint ensuring that

the zeroth motion segment begins at prescribed posi-
tion ¢, while the last motion segment ends at g,
(corresponding to original nonlinear constraint (29))
arises naturally and is imposed by matrix-vector pair
used in (33):

(1>
)

[ Qgy Ydo — YdN

cosOyn — a%fl sin 6,y

A [ ;—inl b A[XdO_XdN}
g ’ g — s

N—1 .
COSOgN—1 — dy_, SINOgN—1

lI>

1 .
cos 041 — a; sin 4y



J Intell Robot Syst

sinfgn + aﬁ_] cos Oy N

sinfgn—1 + ax:; cosOyn—1
agy = . )

sin 41 + a(l) cos 6,1

which results from N-number of applications of
the waypoint coordinate frame transformations as
expressed in (29).

Let us move on to curvature constraints formu-
lation corresponding to (27). Again, since 9"” is
determined by the waypoint orientation grid, one has
yt'i'fl = a”‘l)ct’i‘|r1 with a"‘H known from Property 3.
It means that (for fixed 9’“) pi scales linearly w.r.t.
x{’;] because it is known (see Corollary 1 and the
which

in turn scales linearly w.r.t. x,;7 as determined by
Property 3. Therefore, one can wnte

Remark 1) that p; scales linearly w.r.t. yﬂ'l,
t+1

i+1 _i+1 _ 1+1 i+1
pi (xdl Yai T4 Xy )
| i+1 l-‘rl 1+1
= i i (i = 1l =alt). (36)
where p; (x’Jrl =1 yl+l = a’H) denotes a specific

value of (11) for particular values of x’+1, yé;’l. Sub-

stitution of (36) in the constraint (27), which ensures
satisfaction of (3) under nominal conditions, yields

i+1 _ Pbi
= bi t+l 1+1 l+1
g =1 )

‘ t+l) . (37)

Xd

as illustrated in Fig. 7. At the same time one must
notice that, the constraint imposing x’“ = 0 for

i+1
Xai ‘ =

degenerated segments is contradictory to

xéfl, i.e, constraint (37) cannot be satisfied simul-

taneously with constraint ‘xzrl‘ = 0. That is why
we consider curvature constraints corresponding to
(3) and segment degeneration mechanism in common
constraint inequalities as follows:

i+1 i+1_ i+1
xcllz = ylxlln —& leiz ’ A
1 1 1
xgft < =g oy, (38)
assuming additional constraint
Yi+& <1, (39

where ‘xgl‘ denotes an admissible upper bound of

‘x&“ ) taken as an arbitrarily large finite value in this

case. Inequality (39) ensures that one of the following
three admissible possibilities can be chosen for the i-
th motion segment:

—  vi =0A ¢ =0 - segment is degenerated

— ¥ = 1 A& = 0 - backward robot motion sense
o; = —1 is forced implying )c’Jrl > 0,

- ¥ =0A¢ =1 - forward robot motion sense
o; = 1 is forced implying x"H < 0.

Observe that when motion segment is degenerated,
inequalities (38) correspond to an equality x’+l =0,
which forces the length of a degenerated segment to 0.
When backward sense of robot motion is chosen, then

(38) take the form of xj1' < x/I' < |xF!|, while

Xdi
the choice of forward motion sense yields —xl’);rl >

xfifl > — ;;Ll’ Those two conditions correspond to

(37). Introduced constraints can be transformed to a
matrix representation used in (34) by taking:
K, 2 Iy, K2 diag (xglN_l,xévN__lz, 4..,x,§0 ) s

I
’_|xd0|)’
Iy, Ks2K; Keé2 Ko,
Iy, K32 K7, b 20y, bio 20y, bz =1y,

. N-1
K; £ diag (_|xévzv—1}’ _’de—z)’

K,
K7

1> 1>

where 1y denotes a vector of N-elements, all of
which are equal to 1.

Let us turn to the description of orientation bound-
ary conditions. In Section 5.2, it was mentioned that
a possibility of degenerating certain motion segments
by forcing their length to 0 must be ensured. To uti-
lize Property 3, upon which our planning approach
hinges, one must ensure that the waypoint orientation
641 of the next non-degenerated waypoint after an i-th
waypoint satisfies

Oai — Oar = 0411, (40)

as postulated by waypoint orientation grid (31). Rela-
tion (40) holds only for the waypoint orientation plans
corresponding to particular configurations of the deci-
sion variable vectors y and ¢. Thus, feasible waypoint
orientation plans satisfying (40) must satisfy the fol-
lowing constraints for all motion segments:

7Ci)L > Z k9k+l+ Z §9k+l

k=i =i

Z yk9k+l+ Z & 9k+1’

Oan —0ai) + (1 =y

Oan —0ai) — (A —yvi =&)L

I /\
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which result from consideration of (40) and the
fact that the i-th motion segment is non-degenerated
iff » = 1 or ¢ = 1. Note that 2Ly <
L < oo corresponds to an arbitrarily chosen
very large value, which influences the above con-
straints in such a way that they are always satis-
fied upon degeneration of the segment regardless
of other conditions. Introduced constraints guaran-
tee simultaneous satisfaction of (40) and constraint
(28) from the general nonlinear optimization prob-
lem. One can now straightforwardly define the matri-
ces and vectors used in (34) corresponding to those-
constraints:

FONy_ +L 0 .0

N N—-1
Qle 0, 2+L .. 0
Aor = : : . : ’

|I>

N N-1 .
L O/nv_1 Oin_o 04+ L

[ Oan—1 —6an + L

Oan—2 —Oan + L
bg = : ,

[I>

Oa0 —Oan + L
—engl L 0 .0

oM, ej,v,\,g L... 0
Apy = . _ ) ;

||>

N N—1 n
L =041 —Oin_o gL
[ —Oin—1+Oan + L

—OanN—2+6an + L

||>

ber =

=040 + 6an + L
5.5 Planning in a Single Convex Polygon

In this subsection the introduced optimization frame-
work is applied to case when Q # Qgfe.. Let
us assume that Qrree = Prree X R is described
according to assumption A4 with M = 0 and for-
mulate constraints guaranteeing that robot position
will remain in a single convex polygon Ppq. For
convenience, we exploit assumption A6 to represent
lines, which contain all Ey edges of polygon Pyq as
follows:

Y =cpX+d, Vpel0,1,...,Ey—1}.
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Using such a representation one can write robot posi-
tion constraints:

Bpiy < Bpi (cpx +dy) Vpe(0,1,..., Eg—1},

(41)

where B,; € {—1,1} denotes the sign which can
be found by checking which value of sign B,; satis-
fies inequalities (41) for any chosen point lying inside
the polygon Pyg. To clarify, the sign 8,; determines
whether all the points lying inside the polygon Pgq
must lie above or below the line Y = ¢, X + d),. Note
that constraints (41) correspond to the constraint (25)
and must be satisfied Vz € [t;, ti+1].

Checking (41) V¢t € [t,t;4+1] is computationally
expensive and intractable to do exactly, therefore we
utilize the VFO properties and notice that (under nom-
inal conditions) it suffices to check only 3 points
on an integral curve f; i+l ( i+l pi) to determine the
satisfaction of constraints (41) in the i-th motion seg-
ment, namely g, (i.e., the end of the i-th motion
segment), q4; (i.e., the beginning of the i-th motion

. 9T
sitl & i+1 i+l 1+1
segment), and pomts = [sxm. S\ypi ] Pomts

lies on the integral curve f; i+ ( i+l p,-) and is such
that the tangent to this curve at point sy,; is paral-
lel to the considered p-th polygon edge. It is known
that for a given curve fi ™ (y'*1, p;) and p-th poly-
gon edge, there exists at most one such point, because
the auxiliary orientation 0;';“1, which is tangent to inte-
gral curve f/ 1 (y'*1, p;), varies monotonically w.r.t.

y*1. It means that, if the curve £ (y'*+1, p;) sat-
1sf1es constraint (41) for the p-th polygon edge, then
the point 5;{1 is the one lying the closest or the far-
thest from the line ¥ = ¢, X + d), because for all
other points on integral curve f; i+ ( i+l p,-) the vec-
tor tangent to this curve has a non-zero projection on
a vector orthogonal to the p-th polygon edge. There-
fore, if the mentioned 3 points q4;,;, g4 and s’+1
satisfy constraint (41) for a p-th polygon edge, then
the whole curve f"H( i+l pi) satisfies this con-
straint. Point §° pi is computed by substitution of the
considered p-th polygon edge slope angle into (21),
which yields a directional coefficient a"H of a partic-

i+1 i+l l+1
ular line Sypi = Gypi Sxpi

with curve £/ ! (y'*!, p;) given by (10) corresponds
to 5 ;. Note that in the case of our method, we are only
concerned with satisfaction of constraints (41) for a
segment of integral curve f; i+l ( i+l p,-) contained

the intersection of which
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between the end of the i-th motion segment ¢ ; , ; and
the beginning of the i-th motion segment ¢ ;. Thus,

i i+1‘ > |yiH!| then we fix s’+1 to the value of

)pi Yai

q’dfl This leads to the following relation describing

l-‘rl

coordinates of the point 5,

1
(o ’
> | Pi ( a;;l + (a:;r,]>2 + 1) , (42)

i+1 _ i+1 i1
ym’) = mgn(ydl ) and Sypi =

£ (s pi)- where f{*! is given by (10). The

geometric interpretation of the point s’+1 is shown in
Fig. 8.

One concludes from the above considerations,
that to satisfy constraints (41) for integral curves

ff“ (y”‘l, pi) of all N motion segments it is suf-
ficient to ensure that waypoint positions q,;, Vi €
{0, ..., N} and critical points §,;, Vi € {0,..., N}
satisfy (41). Those requirements correspond to con-
straints

Bpivai < Bpi(cpxai +dp) Vpe{0,1,...,Eg—1}, (43)
and

ﬂpis_vpi =< /Spi (Cps)(pi +dp) Vpel{0,1,....,E0—1}, (44

respectively. Upon the application of waypoint coor-
dinate frame transformations in a manner similar to
the derivation of matrix A, and vector b, represent-
ing position boundary conditions in (33), one can

i+1
ypi

i+1

s =min ‘y

with sign (s

0.8
— polygon edge qi+1
0.7 |—int. curve di i
tangent line /
0.6

0.5

0.4

0.3

0.2

0 0.2 0.4 0.6 0.8

Fig. 8 The critical point 5 ; for the p-th polygon edge utilized
to efficiently express state constraints during planning

represent constraints (43) and (44) as matrices F;
and vectors by; used in (34). They are given by the
following relations:

Yo [ Boi (do + coxan — yan)
Wy; Bii (d1 + c1xan — Yan)
: :
p.oa | Wei | o a | BEi(de +cEXan = yan).
! wl | Boi (do + coxan — yan) |’
W/, B1i (di + c1xan — yan)
i ﬁ,'goi | | BEii (dE; + cE;xan — yan) |
where
Bpi (yrN—1 — cpXfn—1)
w2 :
pi — s
Bpi (yfi - Cpri)
0;
while
Bpi (yFN—1 — cpxpn—1)
w, =
pt Bpi (yft-H Cprl+l) ’
Bpi (yw - Cpxpl)
0;
and
i1
Xfi =CosOgiy1 —a;" sinfgiq1,
yfi = sinfgiq1 + a”l €08 04iy1,
Xpi =C080gi11 — a,,, sin0g;11,
Ypi = sinfgiy1 + a,,i L cos 01,
i+l _ il it i+1 i+1 )
with a, =Sy /sxpi , where S\ypi and Sypi are com

puted from (42) using the value of p; corresponding
to x’+1 = 1and y’+1 Z+1 (cf. Property 3).

5.6 Planning in Convex Decompositions

The framework developed in Sections 5.2-5.5 scales
to the case of convex decomposition under assump-
tion A7 (sequential polygon visting), because it
guarantees an existence of a simple mapping between
polygons and motion segments. Since in Section 5.2
we assumed N; = 2(M + 1) (cf. the iterative
motion planning algorithm), we propose distribut-
ing the N; periods of the waypoint orientation
grid evenly between the M 4 1 convex polygons
comprising Pyre.. To this aim, we map waypoints
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JNp/(M+1),jNp/(M+1)+1,...,(j+DN,/(M+1)-1
to polygon P; (cf. definition of N and (31)). The
remaining last N — N, waypoints shall be mapped to
the last polygon P . Given this mapping, constraint
matrices F; and vectors b y; are computed exactly as
in Section 5.5, with constraints (41) computed for a
particular polygon from the set Py, given by the
introduced mapping.

It remains to ensure that the last waypoint mapped
to polygon P; is lying on transition edge &;yi
(cf. assumption AS5). This is vital for satisfaction of
state constraints, because the method introduced in
Section 5.5 does not consider a case of a motion seg-
ment spanning two or more convex polygons. Let us
denote transition edge index in a given j-th polygon
by k > 0 and the index of the last motion segment
mapped to this polygon by m. Then, one can write
appropriate equality constraint

Yam = (CkXam + di) , (45)

which ensures that the m-th waypoint position lies on
an appropriate transition edge. Note that the equality
constraint (45) is similar to inequality constraint (43).
This similarity is reflected in the matrices T ; and vec-
tor b; used in used in (33). Application of waypoint
coordinate frame transformations to (45) yields:

YfN—1 —CkXfN—1

[I>

T; : ,
Yfm — CkX fm
0,

The above constraints ensure that the considered way-
point position satisfies the equation of a line contain-
ing a transition edge. Those constraints in conjunction
with (41), which are also defined for every motion
segment, ensure proper placement of the considered
waypoint on the transition edge. In practice, one often
wants to ensure that the last waypoint mapped to poly-
gon P; is also located sufficiently far from endpoints
of the transition edge &;1. This is achieved by appro-
priate modification of coefficients d), in (43) fori = m
and p € {k — 1, k + 1}. The modified coefficients d,
shall be chosen to make the resultant new virtual tran-
sition edge shorter than the original transition &£
and contained entirely within it. The particular val-
ues of modified coefficients d), can be obtained using
simple algebra.

To conclude presentation of the planning algo-
rithm, let us briefly discuss its completeness. Upon

bj=di + ckXan—Yan -
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consideration of assumption A4, one concludes that
there exists a composite curve with absolute curva-
ture bounded by k;, which connects q4o and g,y .
On the other hand, recall that angular resolution
A6 decreases monotonically over iterations of the
planning algorithm by definition of Algorithm 1.
Monotonic decreasing of A6 over planning itera-
tions, implies monotonic decreasing of ‘0[’;]‘ and
x{’;] — 0 due to growth of motion segments number
N. Therefore, over iterations of the planning algo-
rithm the generated plans converge to a sequence of
straight-line segments, which can approximate any
curve satisfying (3) including the one connecting
q40 With g ;. We argue that since the set Pyyee is
compact and (by virtue of assumption A4) neither
G40, nor g,y lie on its boundary, an approxima-
tion of considered curve connecting q,9 with q 5
is sufficient. In light of that, after a certain num-
ber of iterations, A9 will attain a value such that
the proposed MILP will have at least one feasi-
ble solution, computation of which is guaranteed by
the MILP solver given an arbitrarily long solution
time.

6 Execution of the Planned Motion in the VFO
Control System

So far, we have considered only nominal motion
conditions. From now on, we will consider the non-
nominal motion conditions admitting e’a?rl # 0 and

€ > 0. Consideration of ei‘i"l # 0 is motivated by the
fact that, since the auxiliary orientation 6,; is defined
for all positions ¢ # g, any deviation of the ini-
tial robot configuration g (0) from the zeroth waypoint
q 40, (.e., g(0) # q,0) is perceived as e;j'l(O) # 0.
We consider € > 0 (cf. assumption A2), because € =
0 requires accurate execution of consecutive waypoint
positions (i.e., g(¢t;) = ¢ ;), which is not possible
in practical motion conditions due to, e.g., imperfect
measurements.

Introduction of non-nominal conditions outlined
above has various consequences. For example, even if
one had efjl (0) = 0, there would occur efjl (t1) #0,
because taking € > 0 in the switching condition from
assumption A2 implies g (#;) # q,; . It means that the
i-th motion segment will not be started in the planned
robot configuration ¢q,;, but in some other point in
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e-vicinity of ¢,. To account for that effect we
introduce 3 modifications, which robustify the pro-
posed motion strategy:

1. As discussed before, polygon representations P;
are appropriately shrinked to ensure that planned
waypoint sequences result in integral curves
fi"Jrl (y"*1, pi) no closer than € to Pjc. bound-
aries.

2. Planning is performed with curvature bound &) £
Ykp, ¥ € (0, 1) to introduce a margin of avail-
able motion curvature which can be utilized by the
VFO control law to reject possible disturbances.

3. Relative directing coefficient p; is replanned at
the time of waypoint switch (i.e., at every time
instant #;) to minimize e;i“ ().

The replanned value of x; mentioned in modifica-
tion 3 is computed from definition of 96’”*1 (cf. (7)), by
taking w; := [i;:

i+1 1) _ it
Yai /tan (941' ) ~X4i

||

i =|xil, 6;=sign(A;), A;=

The above value of fi; can be used only iff the result-
ing new i-th motion segment is contained in Q f,e.
(checked by verifying satisfaction of constraints rep-
resented by matrix F; and vector by; from (34))
and satisfies curvature constraints (checked using

1.5+
= 14
g o
= i+
= edi min [rad]
0.5 — i+1
adi max [rad]
0=
0.8

0.6
0.5
0.4 0.3

i+1

Vg [M]

Fig. 9 Intervals [9"+1 it ] representing admissible values of 0};1 guaranteeing ej;r

di min> “di max
modification 3

0.2

Property 2). Figure 9 illustrates the range of 9;;1 val-
ues guaraneteing e;j'l (t;) = 0 thanks to replanning of
parameter x;. This range is highly dependent on robot
position and grows rapidly with ’ yfifl ‘

7 Numerical Examples and Experimental Results
7.1 Experimental Setup

To verify effectiveness of the proposed method, a
series of experiments has been performed on the
mobile robot MTracker integrated into the exper-
imental system shown in Fig. 10. MTracker is a
small-scale laboratory robot equipped with differen-
tial drive (i.e., (2,0)-class kinematics). It has base
width of approximately 0.2 m. During experiments,
the constraint (3) was implemented by software sat-
uration imposed on control signal #; dependent on
instantaneous u; value. Replanning of the parameter
Wi during waypoint switching and execution of VFO
control law took place on an onboard embedded PC
with Intel Atom processor and 2 GB of RAM. Com-
mands in the form of desired wheel velocities were
transferred using UART interface to TMS320-F28335
DSP, which was responsible for motor control. Wheel
motors were controlled in a velocity-based feed-
back loop with PI controller endowed with a simple

MR 0.8
it .
T Ht

N W

N

RNt 0.6
N

0.1

=0 upon computation of p; using
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desired wheel velocities

marker positions
(dedicated UDP network)

Optitrack Prime cameras

Onboard PC (Linux)
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Fig. 10 Schematic of experimental setup used to validate proposed motion planning and execution algorithms

anti-windup block. Motion plans were computed on an
external supervising PC, which aside from computing
motion plans, was only used to visualize the data cap-
tured from MTracker and launch the experiments. The
robot was localized using the NaturalPoint Optitrack
system, which detected passive markers placed in a
characteristic pattern on top of the robot. Robot pose
aquired from Optitrack system is combined in a sim-
ple sensory fusion algorithm with incremental robot
localization computed by motion prediction upon the
kinematic model (1). The VFO control loop ran with
frequency of 100 Hz, while Optitrack localization
data was captured with frequencies ranging from 40
Hz to 120 Hz depending on WLAN quality. Wheel
velocities computed by the VFO control law were sub-
sequently scaled in the Velocitiy Scaling block visible
in Fig. 10 to account for actuator limits (see [8] for
details of the Velocity Scaling block).

7.2 Results
We present exemplary results of simulations and

experimental results obtained by application of the
proposed motion strategy comprising VFO-driven

@ Springer

motion planning and motion execution. Both sim-
ulations and experiments were performed with the

same parameter values: k, = 4Uz, k, = 1,U; =
0.05m/s,y = 0.8,k =2m~ ', e =00lm, wy =
0.5, u; = 0.51 unless explicitly stated otherwise.

In case of scenarios S2 and S3, polygons were
shrinked for planning to ensure that integral curves
f;"'l (yH'l, pi) lie no closer than 0.05m to bound-
aries of Pyyee. In Figs. 11, 12, 13, 14 and 15, the real
boundaries of Py.. are shown as black lines. Tran-
sition edges are shown as red lines. Green triangles
denote ¢(0), which in case of scenarios S2 and S3 is
purposefully different from ¢,y (first magenta way-
point) to exemplify robustness of the proposed motion
strategy. Red triangles denote q,5, while magenta
triangles denote consecutive waypoints planned by
the algorithm. Gray paths correspond to the com-
posite curve computed by concatenation of integral
curves (10) for each planned motion segment with
consideration of the replanned p; value, which was
actually computed on-line during motion execution
as described in modification 3. Blue paths corre-
spond to the actual robot position during simulated or
experimental motion execution stage.
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Fig. 11 Results of simulation scenario S1. Motion plan visible
on top of the figure was generated with wy = 0.5, while plan
visible on the bottom was generated with wy = 0. It can be
seen that plan generated with wy = 0 accurately approximates
the shortesst Dubins-like path at the expense of high number of
waypoints

Remark 6 To account for simple definition of velocity
profile p; (cf. (5)), in our implementation we addi-

tionally assume that |x[]1VN_1| = max {0.1,xl’;1} to

keep final motion segments short and avoid long robot
stopping time.

Let us begin by discussing simulation scenario S1
presented in Fig. 11. It was designed to demonstrate
the influence of cost functional (32) on the generated
motion plans. For scenario S1 motion sense was fixed
to forward motion (o0; = 1,Vi € {0,1,...,N —1})
to focus on the effect of parameter wy in the gener-
ated plans. Results of scenario S1 verify that in case
when wy = 0 the shortest Dubins-like path between
initial and final configuration is approximated by the
waypoint sequence generated using the proposed algo-
rithm. On the other hand, the plan generated with
wy = 0.5 contains significantly less waypoints (i.e.,
the planning algorithm terminated with smaller N)
while maintaining a relatively short path composed
from integral curves fi"‘H (yi+1, pi). Similar results
were consistently produced across various motion
scenarios.

Let us now discuss results of scenario S2
shown in Figs. 12-13 and scenario S3 shown in
Figs. 14-15. Planning times for those cenarios are pre-
sented in Table 1. In the case of both S2 and S3,
the prescribed motion tasks were executed success-
fully both in simulation and in experiments with a real
robot. Execution was successful despite significant
displacement between the actual initial configuration
q(t = 0) and the prescribed initial configuration ¢ 4
assumed during motion planning. Actual robot path
was very close to the one predicted by using (10),
even though motion execution was performed under
the non-nominal conditions.

In case of scenario S3 one can see in Fig. 15 that
curvature bound ¥« used during the planning stage
was significantly exceeded even during simulated exe-
cution. It was caused by waypoint switching in the
non-nominal motion conditions, which took place at
a position g corresponding to the point in which the
curve i1 (y'*1, p;) has high curvature. This phe-
nomenon was anticipated by introduction of design
parameter v, which significantly reduces its influence
as can be seen from results of scenario S3. Thanks
to curvature margin resulting from y < 1, the actual
curvature bound «; was not reached during simula-
tions. On the other hand, bound «; was reached for
multiple short periods of time during experimental
motion execution for both scenarios S2 and S3. It
is mostly due to the discontinuity in control input

@ Springer
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Fig. 12 Robot path and curvature of motion during simulated (left-hand side) and experimental (right-hand side) motion execution

of scenario S2

u at time instants of waypoint switching, which is
present even in nominal conditions, because one has
0'[’;1 — 0 as g — g, and at the same time 9"1:?1 #
0, Vgt # 0 by definition (7). Such a discontinu-
ity introduces a disturbance into the control process,
which results in control signal peaks. While resolving
this issue will be the topic of our future work, it can
be seen from experimental results that it is not criti-
cal at least for unicycle-like mobile robot kinematics.
The disturbance is visible on time plots of both aux-
iliary orientation error ef;l and orienting conrol u1,
but it has no significant influence on robot path in the
positions space. State constraints are still satisfied in
the presence of curvature bound «; and robot is suc-
cessfully driven to final configuration q ;5. Moreover,
auxiliary orientation error e;rl is in many cases driven
back to the close vicinity of zero at the time instant of
waypoint switching thanks to modification 3.

@ Springer

In Figs. 16 and 17 we present the results of way-
point planning for scenarios S4 and S5, respectively.
Those scenarios were prepared to show the computa-
tional efficiency of the proposed waypoint planning
algorithm in more challenging complex motion envi-
ronments. The environment from scenario S4 contains
randomly distributed convex (rectangular) obstacles,
while the environment from scenario S5 contains nar-
row passages and several larger non-convex obstacles,
which can pose difficulties for planning algorithms.
The sequence P, of polygons traversed in scenarios
S4 and S5 has been obtained as follows. First, a binary
occupancy grid with resolution 900 x 250 has been
processed to detect a non-convex polygon with holes
representing the free space. Second, this non-convex
polygon was decomposed into triangles using con-
strained Delaunay triangulation. Finally, the triangula-
tion structure was searched using Dijkstra algorithm to
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Fig. 13 Control signals and errors during simulated (left-hand side) and experimental (right-hand side) execution of scenario S2

find a polygon sequence Py, connecting initial con-
figuration g 4, with final reference configuration q ;.
Determination of the polygon sequence took less than
1 ms on the test PC. The planning times achieved for
scenarios S4 and S5 have been gathered in Table 1.
The planning times were measured on a Linux PC with
a Core 17-2600K processor and GUROBI optimization
solver. To assess a computational cost of our method,
planning times obtained on average for 10 planning
runs of RRT* and SST (Stable Sparse RRT; an algo-
rithm dedicated for kinodynamic planning, see [30])
algorithms have been also shown in Table 1. RRT* and
SST algorithms were used to plan piecewise-constant
open-loop control signals for system (1) under con-
straint (3) while minimizing the resultant robot path

length. The results for RRT* and SST algorithms
were obtained using publicly available implementa-
tions provided by authors of [30]. Final solutions for
RRT* and SST algorithms (cf. Table 1) were cho-
sen as first obtained solutions that corresponded to
robot paths of length no bigger than 1.05[*, where /*
denotes robot path length resulting from execution of a
waypoint sequence obtained at the end of Algorithm 1
under nominal conditions. While in our approach we
do not always explicitly look for the shortest robot
paths, such a criterion seems to be best suited for com-
parisons. It can be seen from Figs. 16, 17 and Table 1
that planning succeeds in a reasonable amount of time
even for quite complex environments if the pruning
procedure presented by Algorithm 2 is utilized. If the
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Fig. 14 Robot path and curvature of motion during simulated (left-hand side) and experimental (right-hand side) motion execution

of scenario S3

pruning procedure is omitted, the large amount of
variables and constraints in the MILP problem can
significantly increase the computational cost of the
planning process. Note that our algorithm reaches ini-
tial solutions faster than considered sampling-based
algorithms for the case studies represented by scenar-
ios S4 and S5. It seems to be the result of analytic
constraints satisfaction checking and exploitation of
environment structure provided by a convex decom-
position. A similar trend is visible for the optimized
solutions. Although the presented results allow con-
cluding that the computational cost of our approach
can be acceptable, the differences between compu-
tational costs of the respective algorithms can vary
depending on many factors such as, e.g., environment
topology. One must also consider that sampling-based
algorithms are usually more amenable to replanning
(as shown in, e.g., [21]) than MILP-based methods
such as ours.
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8 Final Remarks

The VFO-driven motion strategy proposed and exper-
imentally verified in this paper enables application of
the VFO methodology in complex motion scenarios,
which require imposition of constraints on robot state.
The controller-driven motion planner was designed to
exploit specific beneficial properties of the VFO con-
trol law described in Section 4.2. Such an approach
fits into the current trend of complementing analyti-
cal methods known from control theory with purely
algorithmic methods traditionally utilized in computer
science. As predicted in [29], this trend leads to estab-
lishment of a new area of the so called algorithmic
control theory.

Thanks to the controller-driven design methodol-
ogy, motion plans computed by the proposed planning
algorithm can be immediately executed with the VFO
control law, and thus the complexity accompanying
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Fig. 15 Control signals and errors during simulated (left-hand side) and experimental (right-hand side) execution of scenario S3

otherwise necessary post-processing procedures (e.g.,
proper trajectory parametrization and determination
of distance to a reference path) was avoided. A plan
represented by a waypoint sequence is simple, easy
to store and can be easily modified by human users.
Moreover, the waypoint positions are planned in a

continuous domain, so that various issues inherent for
discrete planning are alleviated. It is also worth noting,
that the controller-driven approach allowed for analyt-
ically proven, exact and relatively efficient checking
of state and curvature constraints crucial in many
practical applications.

Table 1 Planning times for scenarios S2-S5. No planning time limit was assumed. The times obtained when pruning with Algorithm 2
was disabled have been shown in parentheses

Scenario  Time to 1-st sol. [s] Time to end of Alg. 1 [s] RRT* 1-stsol. [s] RRT* final sol. [s] SST 1-stsol. [s] SST final sol. [s]
S2 0.05 (0.07) 0.11 (0.11) n/a n/a n/a n/a

S3 0.05 (0.12) 0.18 (0.26) n/a n/a n/a n/a

S4 0.23 (64) 1.4 (746) 0.28 9.31 1.61 1.82

S5 0.34 (72) 2.37 (552) 2.04 15.04 3.09 10.21
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Fig. 16 Results of

simulation scenario S4.
Motion plan visible on fop
of the figure was the first
feasible solution computed
by the planner, while plan
visible on the bottom is an
optimal solution for

wy = 0.5. Design
parameters u; = 0.65 and

Yk, =2 m~ ! were chosen
in this case. Green triangle
denotes initial
configuration, while red
triangle denotes prescribed
final configuration

It is also worth noting that our approach seems to
be quite flexible. The motion sense (i.e., the decision
between forward and backward robot motion) for con-
secutive motion segments is automatically determined
by the planner. It can also be chosen by the user for
one or more motion segments. The waypoint orien-
tation grid generation algorithm from Section 5.2 is
another flexible component of the proposed motion
strategy. It can be substituted with a probabilistic algo-
rithm, an application-specific heuristic approach (e.g.
for zig-zag parallel parking maneuvers planning) or
a higher-level motion planner. Similarly, the MILP-
based formulation of the planning problem empowers
the designer with an ability to extend our method with
additional constraints in an organized manner.

Presented results have opened several research
avenues currently investigated by the authors. One
of them concerns the most severe limitation of the

VFO motion execution algorithm, which is related
to the discontinuity in control input u at the time
instants of waypoint switching. It seems that this issue
could be solved by an appropriate on-line interpo-
lation between convergence vector field h; of sub-
sequent motion segments. Proposed method could
be also extended by further exploitation of conve-
nient polygonal environment representation and linear
dependency of various useful motion plan characteris-
tics on assumed optimization variables. For example,
one could design the motion cost utilized in opti-
mization with consideration of how far away from
obstacles should the robot be kept or how fast is curva-
ture of robot motion changing over time. Furthermore,
application of the presented approach to more com-
plex robot kinematics such as car-like and N-trailer
robots using results from [35] and [33], respectively, is
possible.

Fig. 17 Results of simulation scenario S5 with an optimal
solution for wy = 0.5. Design parameters p; = 0.65 and
Yk, = 2 m~! were chosen in this case. Green triangle denotes

@ Springer

initial configuration, while red triangle denotes prescribed final
configuration
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