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ABSTRACT Paths will be re-planed timely according the change of obstacles and target position for Human
Following Robots (HFRs) so that they can run safely and rapidly. Traditional path planning algorithms are
generally focused on how to avoid obstacles or connect with the new target position effectively, however
there are rarely studies on the elimination of robot heading fluctuation which is caused by path re-planning.
Concerning this issue, we introduce a novel dynamic path re-planning algorithm AT* which is based on A*
and walkable area thinning. When robots heading difference value between the current and the last moment
which is derived from A* exceeds the threshold, AT* will search for path connection points by walkable
area thinning, and then a new path going through optimal connection point and meeting heading constraints
will be planned. Thinning algorithm is improved in order to make the passable skeleton can connect path
origin and the end. Results from simulation experiments show that AT* algorithm keeps heading stability as

a priority at path re-planning and the robot motion stability can be improved effectively.

INDEX TERMS Following robots, path planning, heading, thinning algorithm.

I. INTRODUCTION

With the development of modern robot technology, more and
more robots are integrated into people’s daily life and chang-
ing our lifestyle dramatically. More specifically, the capa-
bility to autonomously follow a person has been identified
as an important functionality for many assistive and service
robot systems. For example, the CaddyTrek can carry stuffs
of user in golf course [1]. ROREASI follows stroke patients
to provide them with continual assistance and guidance [2].
Budgee robot can follow behind a person and be used to carry
the baskets when grocery shopping or your luggage during
trips [3]. TMS Ariamatic 240 sweeper follows along the
operator at a precise distance behind, this allows the operator
to engage with the sole task of picking up debris with the
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wander hose without worrying about continuously moving
the sweeper unit forward.

HFRs always work in dynamic environment where the
interference of unexpected obstacles is inevitable, it needs
robots to find a collision free trajectory from a designed start
point to the target position. Existing path planning algorithms
can be divided into global static planning stage and local
dynamic planning stage [4]. Global path planning stage uses
known environmental information to find a feasible path from
the start point to a goal point by a search algorithm such
as grid method [5], visibility graphs [6] or Voronoi graphs,
etc. For local path planning stage, a path can be achieved by
virtual force field [7], vector field histogram [8], fuzzy logic
method [9] or artificial potential field method [10] based on
dynamic environment information obtained from sensors.

A global map of the environment is occasionally not avail-
able in dynamic unknown environment [11], HFRs could only
detect local sensory information of the environment to carry
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out the path planning task. Besides, the goal point is rarely
static but changing all the time with the followed person
movement, so there is an obvious difference between the
classic path planning method which is only for a constant
goal and the planning method which is suitable for human
following. Path planning gets more challenging problems if
the accurate localization of the mobile robot is not available
under unstructured environment which leads to the path incre-
mental update is infeasible. For these reasons, the path will
have to be planned at current scene and then re-planned at
the next scene, that is, there is a need to carry out local path
planning frequently. However, most traditional path planning
algorithms are generally focused on how to avoid obstacles or
connect with the new target position, but work do not consider
the elimination of robot heading fluctuation which is caused
by path re-planning.

To address this, a novel dynamic path re-planning method
based on A* algorithm and walkable area thinning (AT*)
is proposed in this paper. When robots heading difference
value between the current and last moment which is derived
from the path planned by A* exceeds the threshold, AT*
will search for connection points by walkable area thinning,
and then a new path going through optimal connection point
and meeting heading constraints will be re-planned. Thinning
algorithm is improved in order to make the passable skeleton
can connect path origin and the end. AT* can satisfy HFRs
heading constraints in dynamic path re-planning with above
modifications.

The organization of this paper is as follows: environment
modeling method, A* algorithm as well as the existing prob-
lem are described in Section II. Detail of AT* method is
described in Section III. Simulations are done to demonstrate
the capability of AT* in Section IV, Conclusion and future
work are drawn in Section V.

Il. MAP BUILDING AND A* ALGORITHM

A. ENVIRONMENT DESCRIPTION

HFRs can only detect local sensory information of the envi-
ronment. As the robot explores the environment, the map
grows over time, and increasing computational resources are
required, especially for large-scale environments [12], [13].
One of the most popular approaches to makes full use
of the real-time local environmental information and solve
local obstacle avoidance is dynamic window approach
(DWA) [14].

In this paper, a grid map with regularly sized grid cells is
used to represent the environment in DWA, and the projection
of the followed person is selected as a temporary goal. Goal
point and human location should be the same if the person is
in the area of rolling window. On the other hand, if the human
location is out of the rolling window, a goal projection will
be selected out as a temporary goal. The selection method
is that if the intersection point between the dynamic window
and the line connecting the robot and the human is walkable,
a route from the robot to the intersection will be planned;
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FIGURE 1. Goal generation.

FIGURE 2. A* trajectory and smoothed path.

but if the intersection is un-walkable, the planner will search
the dynamic window margin from the intersection to both
sides until a walkable grid is found, and then the planner will
search a path from the robot to this grid. The Fig. 1 shows the
principle of temporary goal point selecting.

B. A* ALGORITHM AND THE EXISTING PROBLEM
Path planning is the key technology of robot navigation and
obstacle avoidance [15]. There have been many path planning
algorithms based on grid map, such as A* [16], D*, or focused
D* (FD*) [17] algorithm. A* algorithm is an efficient heuris-
tic path search algorithm for solving optimization problem of
static path planning.

A* plans a path from an initial state sy, € S to a goal
state Sgoq1 € S, where S is the set of states in some finite state
space. This algorithm uses an evaluation function:

f(s) = g(s) + h(s) ey

where f(s) is the value of the evaluation function for every
node which will be searched possibly; g(s) is the actual cost
from start node to current node; h(s) represents the assess-
ment from current node to target node. The f-value of the goal
is the length of the shortest path. A complete search process of
A* algorithm is shown with blue points in Fig. 2. The green
triangle represents the robot and red pentagon is the target.
Obstacles are shown with black points.
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FIGURE 3. The current path and updated path.

The path output by searching over a regular grid is jagged.
The large changes in heading in this path can induce undesir-
able steering commands [18], [19]. In order to make the route
smoother, a quadratic B-splines curve expressed as (2) is used
to generate a smooth path. the smoothed route is shown with
magenta color.

| 11 0][P
Poa(t) = 3 [1 t tz] 2 2 ol|p )
1 =2 1|p

where Py, Py, and P, are the adjacent inflection points,
and Py »(¢) is the smooth points connecting Py, P, and Py,
t €[0,1].

During the process of following, the goal point is rarely
static but changing all the time, thus the current path will
be invalid in the next moment. As shown in Fig. 3(a), the
robot which is shown with green triangle walks along a blue
path {R} generated by A* to the red star target. Obstacles are
shown with orange square blocks. Then the followed person
will move to a new location and {R} will be no longer connect
to the new goal point. If the real time position information is
not available, the existing path {R} will not be updated to the
new goal point incrementally, so a new path from the robot
position to the current goal point is need to be re-planned.
As shown in Fig. 3(b), blue hollow circles show the rest of {R}
and blue circles show the re-planned path. From this figure we
can see that there is a large orientation difference between
the last path and the updated which will lead to an obvious
heading fluctuation. In fact, the local path planning needs to
consider the robot motion constraints, otherwise, the planning
path is not a feasible path [4].

In the current algorithms, vector field histogram (VFH)
accomplish obstacle avoidance by heading adjusting [20].
It maps the active region C, of the map grid C onto the
primary polar histogram HP. The active region is a circular
window of diameters that moves with the robot. The content
of each active cell(i, j) in the map grid is treated as an obstacle
vector. The vector direction B; j is determined by the direction
from the active cell(i, j) to the robot center point (RCP),

_1Yi—Y
1Yi— ) 3)

Bij = tan
' Xi — X0
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(x0, yo) is the present coordinates of the RCP,
(xj, yj) is the Coordinates of active cell(i, j).
and the magnitude is given by

m;j = c¢;j(a — bd; ;) 4

where a, b are positive constants, and a — bd%. =0.

max
1
Ci,j = O

d; j is the distance between active cell(i, j) and the RCP.
mj j is proportional to —d.

Therefore, occupied cells produce large vector magnitudes
when they are in the immediate vicinity of the robot, and
smaller ones when they are further away. This way m; ; = 0
for the farthest active cell and increases linearly for closer
cells. H has an arbitrary angular resolution a such that
n = 360/« is an integer(e.g., « = 10° and n = 36), so each
sector k is

if cell(i, j) is obstacle
if cell(, j) is free

k = INT(B;j/) 5)

For each sector k, the polar obstacle density A is calculated
by

b = Zu m; j (6)

Then the sector with lower cost and closer to the robot’s
pose will be selected as the forward direction, but the feasible
path may be blocked when using this strategy, as shown
in Fig. 4. If obstacles appear on the right side of the map,
the direction to the left as shown by the arrow will be selected.
VFH is a local obstacle avoidance strategy and apt to plunge
into local minimum, there are some limitations on heading
constraints using this algorithm.

Ill. AT* ALGORITHM

Focusing on the problem, a novel dynamic path re-planning
method AT* which is based on A* algorithm and walkable
area thinning is proposed. When robots heading difference
value between the current and last moment which is derived
from the path planned by A* exceeds a threshold, AT* will
search for connection points by walkable area thinning, and
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FIGURE 6. Center cell P; and its8-neighbors.

then a new path going through optimal connection point will
be re-planned.

For the path planned by A* as shown in Figure 3,
the desirable direction angle is obtained by line-of-sight
(LOS) method. The LOS vector starts at the robot and passes
through a point (x45, Yi0s), Which is located on the path line
at a lookahead distance A > 0 ahead of the robot position
(xr, yr) to the path, the direction angle is calculated by

—1 Yios — Yr
n ——
Xlos — Xr

y =ta @)

Setting A equals the length of four grids, Fig. 5 shows the
current desirable direction angle y; and the updated angle y».
If the absolute difference between y; and y; is less than
threshold /, robots will walk along the updated path. Other-
wise, the direction change will influence robot’s stability and
the updated path should be re-planned.

In order to avoid local heading optimal such as caused by
VFH, we use a global passable skeleton map which is derived
from passable area thinning based on the popular Zhang-Suen
algorithm to select optimal connecting point [21]-[23]. The
method is shown below.

A binary digital image is defined by matrix /(i, j), where
each pixel is either background (obstacle grid) O or fore-
ground (free grid) 1. The pixels P», ..., Py are the 8- neigh-
bors of the Py pixel denoted by Ng(P1) and labeled as shown
in Fig. 6. The thinning process is conducted by applying the
following two steps for all the pixels.
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(a) Passable skeleton of simple maps

(b) Passable skeleton of complicated map

FIGURE 7. Thinning of different maps with Zhang-Suen algorithm.

In the first sub-iteration, the contour point P; is deleted if
it satisfies the following conditions:

2<B/P1)=<6 ®

APy =1 )

Py Py*Pg =0 (10)
Pi*Pe*P3g =0 (11

where A(P1) is the number of O to 1 patterns in the ordered set
Py, P3, ..., P9 that are the eight neighbors of Py, and B(P)
is the number of nonzero neighbors of Py, that is,

B(P1)=Py+P3+Ps+---+Psg+ Py (12)

In the second sub-iteration, only conditions (10) and (11)
are changed as follows:

Py *Py Py =0 (13)
Py *Pg*Pg =0 (14)

and the rest remain the same. This process is repeated until
only the occupied cells belonging to the medial skeleton of
the object remain.

The results of thinning process are shown in Fig. 7, we can
see that the Zhang-Suen algorithm yields very good results
for global connectivity.

But the path start point and end point are not shown on
the graph using Zhang-Suen algorithm, thus we do not know

VOLUME 8, 2020
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FIGURE 8. Corner grid modification.

if the skeleton would connect with these points. For this
reason, it needs further improvement to obtain the skeleton
connecting start point and end point. According the principle
of Zhang-Suen algorithm, contour point P will be deleted if
it satisfies (8), (9), (10), (11) or (8), (9), (13), (14), thus the
point will be reserved if we modify the 8-neighbors so as it
does not fit above conditions.

Firstly, the start or end point is projected to a grid, denoted
by p1, and set it as free grid as well as its 8 neighboring cells.

pi=ii=12,...,9) (15)

If p is a corner grid (top left, top right, bottom left, bottom
right) typified by the green triangle shown in the left of Fig. 8,
there will be five girds of its 8-neighbors located in the outer
section of the map as shown as dotted blocks, treating these
as obstacles. Equation (8) and (9) will not be achieve at the
same time if the diagonal grid p7 is reset to 0, so the p; will
be reserved in this case.

if p1 is a corner
pi=11& (16)
pi and p; are diagonal grids

If p; is on the edge of the map (top, bottom, left, right)
typified by the green triangle shown in Fig. 9, there will be
three girds of its 8-neighbors located in the outer section of
the map as shown as dotted blocks, treating these as obstacles.
Equation (9) will not be achieve if the inner side grid pg is
reset to 0, so the p; will be reserved in this case.

if p1is an edge grid &
i=2,3,4,...,.9& (17)

piis inner an perndicular to p;

pi=0

Though all equations will not be achieved if p; is inside the
map as shown in Fig. 10, the 3*3 window will be deleted with
iteration or a simply connected skeleton may be reserved.
In order to make sure p; will connect with the skeleton,
according to principle of Zhang-Suen algorithm that if p;
is a background point and all of its 8 neighboring grids are
foreground, the 8-neighbors will be reserved as skeleton.
So p; will connect with the skeleton by setting it to O if it
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is an inner point.

if p1 is an inner grid
r=01& (18)
pi=1i=2,3,4,...,9

Through the above improving measures, the skeleton con-
necting with the path start point and end point can be obtained
as shown in Fig. 11.

For the map shown in Fig. 5(b), there will be four path
points (rq, 12, 13, r4) can be obtained by LOS using walkable
skeleton as shown in Fig. 12(a). The desirable direction angle
y3 passing r3 which is shown with solid arrow is the closest
to the previous angle y;. Thus a new route from r3 to the path
start point and end point can be re-planned by A* as showed
in Fig. 12(b) and this path will satisfy the heading constraint.

IV. SIMULATION EXPERIMENT
In order to evaluate the performance of AT*, some simulating
experiments using Webots robotics simulator are done. The
simulation scene is shown in Fig. 13. SICK LMS291 sensor
is used to get environmental depth information and identify
obstacles. Robots heading angle is measured by a compass
sensor. A moving red target can be recognized by the camera
and the angle between robot and target also can be worked
out with the camera, then LMS291 will get the location of
the target at this angle.

Environment information within 5.0m*5.0m is updated in
a dynamic rolling window and the map is built with regularly
sized grid cells as 10cm™10cm, as shown in Fig. 14. The blue
path is planned by AT* and the green is a smoothed path
by quadratic B-splines curve. A robot as shown in the blue
semicircle will move toward to the red point obtained by LOS.
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FIGURE 11. Thinning of different maps with improved algorithm.
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FIGURE 12. Selection of connecting point and path re-planning.

Firstly, we teste the difference between A* and AT* in the
scenario as shown in Fig. 15. The target is static and in front
of the robot with a distance of 6.5m.

A series of obstacle avoidance path planned by A* are
shown in Fig. 16. We can see that there are obvious path
changes on both side of obstacles by the lack of heading
constraints. These changes will adversely affect the safety of
robots especially when robots are close to the obstacle.

The following illustration shows a series of obstacle avoid-
ance path planned by AT*. When the difference between
desirable heading angle of adjacent time is greater than the
threshold, AT* will look for a path point with minor heading
fluctuation using walkable skeleton as shown with magenta
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FIGURE 13. Webots simulation scenario.

T
ins T

sass ke

FIGURE 14. Environment representation and path generation.

FIGURE 15. Static target following scenario.

color, then a path passing this point will be re-planned. The
heading will be more successive by this way.

A comparison of the full trajectory and desirable heading
angles planned by A* and AT* are shown in Fig. 18. Red
asterisks and line segments mean the path point and desirable
heading angles planned by A*, and blue is planned by AT*.
There is an obvious heading fluctuation shown with an arrow
on the path planned by A*.

The above two curves of Fig. 19 show the value of desirable
heading angles which are planned by A* and AT* with red
and blue asterisks respectively. The bottom two curves show
the absolute difference of heading angle at adjacent moment.
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FIGURE 16. Obstacle path planned by A*.

FIGURE 17. Obstacle path planned by AT*.

We can see that the heading change planned by AT* is less
than A*

Fig. 20 shows the simulation scenario of moving target
following. The red object represents a target and the orange
object is an obstacle.

A series of following path near obstacle planned by A*
are shown in Fig. 21. There is an obvious heading change
as shown by the red arrow which leads to the robot has

VOLUME 8, 2020
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FIGURE 19. The comparison of heading angle.

FIGURE 20. Moving target following scenario.

not succeeded in heading adjustment and collide with the
obstacle.

Fig. 22 shows a series of following path near the obsta-
cle planned by AT*. There are two times thinning opera-
tions when the difference between desirable heading angle
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TR

FIGURE 21. Obstacle path planned by A*.

FIGURE 22. Obstacle path planned by AT*.

of adjacent time is greater than the threshold, and the robot
can avoid obstacle successfully along the re-planned path.

A comparison of the full moving target tracking trajectory
and desirable heading angles planned by A* and AT* are
shown in Fig. 23. Green points are the target trajectory. Red
asterisks and line segments mean path points and heading
angles planned by A*, and blue is planned by AT*. The
robot collides with the obstacle along red path due to the
fluctuation of desirable heading angle. In contrast, the robot
avoids obstacle and follows target successfully along the
blue path.
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V. CONCLUSION

In dynamic unknown environment, the topic of path planning
has always been a challenge for HFRs. They will need to
re-plan path timely according the change of obstacles and
target position. But the traditional path planning algorithm
is generally focused on how to avoid obstacles or connect
with the new target position, there are rarely studies on the
elimination of robot heading fluctuation which is caused by
path re-planning. To address this, a novel dynamic path re-
planning method AT* based on A* algorithm and walkable
area thinning is proposed. When robots heading difference
value between the current and last moment which is derived
from the path planned by A* exceeds the threshold, AT*
will search for connection points by walkable area thinning,
and then a new path going through optimal connection point
and meeting heading constraints will be re-planned. Thinning
algorithm is improved in order to make the passable skeleton
can connect path origin and the end. With these modifica-
tions AT* ensures HFRs heading stability in dynamic path
re-planning. In the future, we will continue to improve the
obstacle avoidance strategies and solve the path planning
problem of target missing.
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