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ABSTRACT A novel path planning algorithm for an autonomous electric wheelchair that can be used in
hospitals is proposed and verified. The objective of this study is to develop an autonomous path planning
algorithm that satisfies body acceleration constraints for patient safety and follows paths suitable for
hospitals. The wheelchair dynamics and equations of motion, including caster dynamics and the user’s
influence on the wheelchair, are newly derived in this research. Since the proposed algorithm is based
on two-wheel robot kinematics, it is applicable to most two-wheel actuated systems. When a wheelchair’s
destination is set, a series of waypoints is computed and then the desired speed & attitude at each waypoint of
the path are designed. Then, a speed profile is designed to minimize the travel time while adaptively changing
the angular rate gain to minimize excessive lateral motion. As a result, the linear speed command of each
actuated wheel is computed. Additionally, the hybrid reciprocal velocity obstacle algorithm is updated to
guarantee that the body acceleration constraints are satisfied for applications with complicated dynamics.
The performance of the proposed algorithm, with the full dynamics of the wheelchair, is demonstrated
by extensive numerical simulations with conventional toy problems and then evaluated in two hospitals.
The simulation results demonstrate that the proposed algorithm satisfies body acceleration constraints while
following paths which are suitable for hospitals and that the proposed autonomous electric wheelchair could
be applied in hospitals.

INDEX TERMS Autonomous electric wheelchair, collision avoidance, model uncertainty, path planning,
wheelchair modeling.

I. INTRODUCTION

The patient transportation system is an important hospital
system that should receive attention for patient safety and
efficient clinical care [1]. Demand for transportation systems
among individuals with disabilities has been increasing with
the aging population and increased number of survivors after
life-threatening diseases [2], [3]. Recently, technology for
autonomous transportation has demonstrated the potential
for widespread adoption in numerous healthcare fields [4].
The wheelchair system, which is one of the conventional
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transportation devices in a hospital, could be advanced via
the application of a new technology—autonomous control—
to enhance the performance and safety of wheelchairs by
considering input methods, operating modes, and human
factors [5].

Research related to wheelchair path planning can be clas-
sified into three categories: the shared control approach,
local path planning to avoid collision, and global path plan-
ning to a destination or waypoint. In previous studies where
shared control is applied, estimating the user’s intention
is most important because global path planning is con-
ducted by the user; the wheelchair only assists in local path
planning [6]-[11]. In [9], [10], the user model was
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constructed as a Bayesian model using the user’s driving data.
Even though the shared control approach is a good option for
assisting users, it is not suitable for operating an autonomous
wheelchair in a hospital. First, it is difficult to collect and
learn the data because the wheelchair is used by untrained and
unspecified persons, so the user model cannot be specified.
Second, in a hospital, destinations for users are determined
according to the treatment or examination. Thus, estimating
the intent of all users is not possible and/or inefficient.

Prior studies have designed global paths based on the
comfort of wheelchair users [12], [13]. In [12], a path was
designed for the user to feel psychological comfort across
the entire floor. To this end, discomfort was quantified as
a three-variable cost function, which consists of a location
discomfort cost, an area visibility cost, and a path length cost,
and was evaluated by participants in an experiment. Each cost
relates the distance from a wall and the speed of travel in a
straight corridor, an area that can be seen, and the distance the
wheelchair has to travel. In [13], not only the psychological
comfort of the user but also that of a pedestrian passing by
the wheelchair were considered. The wheelchair, however,
only follows a predetermined path in the both studies and
does not avoid a pedestrian, which means it is entirely the
responsibility of the pedestrian to avoid the wheelchair. Addi-
tionally, only one pedestrian was considered in [13] and there
is no consideration about pedestrians in [12]. This situation is
not suitable for hospitals, where many people are traveling in
various directions and some patients are unable to avoid the
wheelchair. This situation not only makes the wheelchair user
vulnerable to moving obstacles and changing maps but also
leads to a measure of discomfort in each new place, incurring
expensive costs.

Other studies have focused on the design of a local path
to avoid collisions [14]-[17] but have considered only face-
to-face situations and did not cover global path planning.
In these studies, simple models such as a point mass system
were used as the wheelchair model. In [16], an improved
collision avoidance algorithm was proposed for a wheelchair
with a companion traveling side-by-side while pedestrians
pass face to face. The motivation of this study was to create a
collision avoidance path that takes into account the relation-
ship between the occupant and companion, with the ultimate
goal of mapping out a human-like collision avoidance strat-
egy. To this end, data were collected on the path generated by
a user for collision avoidance, and a navigation model was
developed using the data. The navigation model addresses
only the situation in which a wheelchair and a pedestrian are
encountered in a straight corridor and generates a local path
for collision avoidance. Global path planning and local path
planning, however, have to be considered together because of
the need for efficient transportation in a hospital and collision
avoidance for user safety, respectively.

Although the considered plant is not a wheelchair, some
studies designed global and local paths using the potential
field method with a social force, called social-aware navi-
gation. The studies included path planning approaches that
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consider the context of people around the path [18]-[23].
Global and local paths that used the potential field method
with a social force were constructed in some studies.
In [19], [20], a social-aware path using a social zone was
designed, which is an area constructed by people who
share a relationship. A learning algorithm was also used
to investigate which path is suitable in a crowded environ-
ment [21], [22], and psychological constraints were used to
predict the path of people around a plant [23]. Although
some interesting results have been reported, only a simple
two-wheel robot was employed to verify the algorithms, and
the user’s safety was not considered in the research because
the plants considered in these studies were robots without a
user.

In this study, a path planning algorithm for an autonomous
electric wheelchair operated in hospitals is proposed. The
proposed algorithm designs suitable path for hospital, not
only a local path but also a global path to reach a destination.
The local path planning is defined as planning the path to
avoid collision and the global path planning is defined as
planning the speed and direction to get to the destination
or waypoint. Two-wheel robot kinematics with a first-order
dynamic system are used in the proposed algorithm such
that it can be applicable to most two-wheel actuated system
with more complex components in general. Furthermore,
the wheelchair dynamics are newly derived, including not
only a friction model and caster dynamics but also the user’s
influences on the wheelchair, and are used in numerical sim-
ulations. The proposed algorithm satisfies the body accelera-
tion constraints for user safety by designing the speed profile
and adjusting the gain related to the angular rate. The hybrid
reciprocal velocity obstacle (HRVO) algorithm is modified to
guarantee that the body acceleration constraints are satisfied
while avoiding collisions and to ensure that the algorithm
can be applied to complicated dynamics. The algorithm is
demonstrated by numerical simulations with the wheelchair
dynamics in both toy problems and real hospital maps.

Il. PRELIMINARY

In this section, the HRVO algorithm is described, followed
by a series of equations for the two-wheel robot kinematics
and model approximation. Model approximation makes the
proposed algorithm applicable to most two-wheel actuated
system with more complex components. Finally, a proper
shape of the path for the wheelchair in a hospital is proposed.

A. HYBRID RECIPROCAL VELOCITY OBSTACLE
ALGORITHM

The HRVO algorithm [24] is one of the variations of the
velocity obstacle (VO) algorithm [25]. The HRVO algorithm
solves the oscillation problem known as “‘reciprocal dances™
[26] in the reciprocal velocity obstacle (RVO) algorithm [27],
which is also one of the variations of the VO algorithm. The
VO algorithm is a local and reactive navigation algorithm
that uses a collision cone [28] to avoid a collision. The
VO algorithm makes the VO area where an agent’s velocity
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vector should not be located to avoid the collision, as shown
in Fig. 1(a). The RVO algorithm considers the counterpart’s
movement to avoid collision. The RVO algorithm assumes
that the counterpart will perform half of the movement to
avoid collision. Thus, the RVO area’s boundaries are parallel
to the boundary of the VO area and through a point that is
the midpoint of the agent’s velocity vector and counterpart’s
velocity vector, as shown in Fig. 1(b).
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FIGURE 1. (a) Velocity obstacle, (b) reciprocal velocity obstacle, and
(c) hybrid reciprocal velocity obstacle.

by

The HRVO algorithm mixes the boundary of the VO area
and the boundary of the RVO area as shown in Fig. 1(c).
The RVO algorithm considers only the amount of the coun-
terpart’s movement to avoid collisions. On the other hand,
the HRVO algorithm considers the direction and amount of
the movement. If the agent’s velocity vector is to the left
of the centerline, which is through the vertex of the RVO
area, the left boundary of the HRVO area is that of the
RVO area, and the right boundary of the HRVO area is that
of the VO area. Thus, the agent and the counterpart choose
the same direction to avoid collision. If the agent wants to
choose a new velocity on the other side by the centerline to
avoid collision, the agent has to avoid the collision under the
assumption that the counterpart does not act in the collision
avoidance movement. If the desired velocity vector is in the
HRVO area, the velocity vector that has a small norm of the
difference from the desired velocity vector and is outside
the HRVO area is chosen as the collision-free velocity vector.

B. TWO-WHEEL ROBOT KINEMATIC EQUATIONS AND
MODEL APPROXIMATION

The two-wheel robot kinematic equations and each linear
speed of the wheels are represented as follows [20]:

v + V1

I cosf
* Y V]
vyl =< sin @ (1)
p; 2
LY Vr — V]
L d
B Kd; — 6
o , Kd6a—6)
"= 2 )
v Kd(64 —0)
. - Vd f— T

where x, y is the position of the two-wheel robot’s center,
v, and v; are the linear speeds of the right and left wheels,
respectively, 6 is the attitude, v, is the desired speed at the
middle point of the actuated wheels, 8,; is the desired attitude,
K is the angular rate gain, and d is the two-wheel robot’s
width, as shown in Fig. 2.
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FIGURE 2. Two-wheel robot diagram.

The complexity of the wheelchair model and model uncer-
tainties, including the friction model, displacement of the
center of gravity (CG), moment of inertia, etc., make it harder
to employ the full dynamics of a wheelchair for path planning.
Thus, the two-wheel robot kinematics with the first-order
dynamic system are used not only to address the uncertainties
but also to make the proposed algorithm applicable to most
two-wheel actuated systems with more complex components
in general. For this purpose, the linear speeds of the wheels
in (2) are modeled as the first-order dynamic system as

1 1
: ——Vr+ —Vra
V‘r — Tc Tc (3)
V] 1 1
——Vi+ —Vid
Tc Tc

where v, 4, v 4 are the desired linear speeds of each wheel,
which are the reference signals generated by the proposed
algorithm. 7, is a design parameter used to address the uncer-
tainties of the system, including not only model uncertainties
but also any time-delay components caused by performance
of the controller, actuator dynamics, etc. 7. indicates how
slowly the wheelchair follows the desired linear speed of each
wheel compared to the two-wheel robot. Thus, the first-order
dynamic system will represent the difference between the
two-wheel robot and the wheelchair dynamics. As a result,
if the system has two actuated wheels and the kinematics
of the wheels can be approximated as the two-wheel robot
kinematics, then the proposed path planning algorithm can
be used.

C. PROPER SHAPE OF THE PATH FOR A WHEELCHAIR
OPERATED IN A HOSPITAL

Generally, path planning algorithms with dynamic constraints
can satisfy the constraints by generating a smooth path with
a large radius of curvature. The path could pass by the way-
point, as shown in Fig. 3(a), or just pass nearby, as shown
in Fig. 3(b). A path with a large radius of curvature, however,
is not suitable for hospitals because the hospital environment
usually has narrow spaces that are not sufficient for turning
with a large radius of curvature such as in narrow corridors,
confined spaces, and a lobby with many people moving in
any direction. In addition, a user has to endure lateral body
acceleration over a longer amount of time in the case of a
large radius of curvature. It could be dangerous because some
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FIGURE 3. (a) A curved path through the waypoints, (b) a curved path
near the waypoints, and (c) a path designed to have almost zero radius of
curvature.

patients using the wheelchair cannot withstand the lateral
body acceleration due to lack of core muscles, spinal injury,
or any other reasons. Therefore, the wheelchair should nearly
stop and turn at the waypoint, as shown in Fig. 3(c), which is
more feasible in a hospital with narrow spaces and decreases
the amount of time to endure body acceleration. In this
sense, we propose a path planning algorithm that meets the
constraints by adjusting the wheelchair’s speed and angular
rate instead of designing the path that has a large radius of
curvature.

Ill. WHEELCHAIR DYNAMIC EQUATIONS

In this section, the wheelchair dynamics are derived anew
by referring to [29], [30]. The wheelchair dynamics consider
not only caster dynamics but also the displacement of the
CG that represents the user’s influences on the wheelchair.
The wheelchair dynamics are used in the numerical sim-
ulation, unlike other studies that used two-wheel robot
kinematics [14], [20], [24]. This approach shows that the
proposed path planning algorithm can be applied to more
complicated wheelchair dynamics, although the two-wheel
robot kinematics are used in the algorithm, which is addressed
in Sections IV and V.

A. FREE BODY DIAGRAM
The wheelchair model considered in this study has two actu-
ated rear wheels and two passive front casters, as shown
in Fig. 4(a). Coordinate {i} is the inertial coordinate and coor-
dinate {b} is the body coordinate. The actuator is modeled
as the first-order dynamic system with saturation. Fig. 4(b)
shows a free body diagram of the wheelchair’s body frame.
In Fig. 4(b), G is the CG, R is the right actuated wheel’s
position, L is the left actuated wheel’s position, Cg is the
position of pivot of the right passive caster, Cr, is that of
the left passive caster, d is the wheelchair’s width, a is the
distance from the CG to the midpoint of Cy, and Cg, b is the
distance from the midpoint of two actuated wheels to the CG,
and x, y is the displacement of the CG.

FFR is the right actuated wheel’s force, which is represented
as
TR
-

Fr= 4

where 1 is the torque of the right wheel’s actuator modeled
as the first-order dynamic system, and r is the wheel’s radius.
fr is the friction force at R, fcg is the force applied to the

208202

CpL Cr
fer
Vo Her
o
ST L
N F
Fy A X G A Fr
LY
- G R 2. Ry
yi CL SR
(i}

(a) (b)

FIGURE 4. (a) Wheelchair diagram, and (b) free body diagram of the
wheelchair.

body frame by the right passive caster, and Rp, is the reaction
force caused by assuming that R does not slip sideways. The
force with subscript L has the same meaning as above but
for the left wheel. finsd,x, fmsd,y are the forces representing the
user’s influences on the wheelchair. The friction force and
the normal force at R, L, Cg and C. are modeled by referring
to [29] and [30], respectively.

B. DISPLACEMENT OF THE CENTER OF GRAVITY

There exists an uncertainty about the wheelchair’s CG as a
result of the user’s movement while driving. In this study,
the displacement of the CG is designed as a mass-spring-
damper system actuated by the wheelchair’s body accelera-
tion as

mmsd}_é + C)LC +kx = _fmsd,x 4)
Mmsdy + ¢y + kY = —fmsd.y (6)
finsd = —Mmsaa @)

where mpmg, ¢, and k are the mass, spring constant, and
damping constant, respectively, and a is the body acceleration
vector.

C. DYNAMIC EQUATIONS OF THE BODY FRAME
The dynamic equations of a wheelchair body frame are
defined as

m'vgji = Fr + FL, + Freact + fr + f1. + fcr
+HeL + finsd 3
Jpap)i = M; 9
where m is the total mass, ‘Pg /i is the derivative of v ; in the
inertial frame, Freact 1S the sum of reaction forces, Rg + Rp,,
Jp is the moment of inertia of the system with respect to the
body coordinates’ z-axis, ap,; is the angular acceleration, and
M, is the z component of the total moment. The assumption

that the actuated wheels do not slip sideways can be expressed
as

Jb-vri=0 (10)
where jy, is the body frame’s y direction unit vector.
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The sum of reaction forces represented in the body coor-
dinates, FEeact, can be found as follows. By taking the time
derivative of (10) in the body frame, the following equation

can be obtained.
in - Ve + g X PRye) = 0. (11)

Additionally, (8) can be transformed to the following
equation in the body frame.

1
b:b b b b b
VG/i + wb/i X VG/i = Z(F + Freact)' (12)

Then, substituting (9) and (12) into (11), the sum of reaction
forces is calculated as

Jp

mb
m(mwb/iVG/i,x +—M;

Jb
_fCR,y _fCL,y _fmsd,y) (13)

Freact,y =

where FP is the total force vector except for the reaction force
represented in the body coordinates, and Feqcr,y T€presents
the y components of F2,_ .. The x and z components of FP,_
are zero, as shown in Fig. 4(b).

D. DYNAMIC EQUATIONS OF THE CASTERS

Fig. 5 shows the free body diagram of the caster [30].
In Fig. 5, {b} is the body coordinate, {c} is the caster coor-
dinate, « is the angle of the caster coordinate about the body
coordinate, fc,,, is friction applied to the caster’s longitudinal
direction, and fc,, is friction applied to the caster’s lateral
direction. Note that « is a second-order dynamic systems as

. 0
o 01|«
|:(X:| = |:O 0:| |:Ol:| + ;p fCIaI‘ (14)

FIGURE 5. Free body diagram of the caster.

Furthermore, the force applied from the caster to the body
frame is represented as

fc =fc,, cosa + fc,, sina (15)

where J, is the caster’s z axis moment of inertia, p. is the
friction coefficient of the caster, and v‘é is the velocity at the
caster’s pivot in the caster coordinates.
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IV. PROPOSED PATH PLANNING ALGORITHM

Fig. 6 shows a schematic diagram of the autonomous
wheelchair system for operation in hospitals. When a des-
tination is specified, the proposed path planning algorithm
computes each desired linear speed of the actuated wheels
based on the destination and state. Then, the controller com-
putes each actuator input to follow the desired linear speed
of the actuated wheels. In this study, a proportional-integral-
derivative (PID) controller is used, but any other controllers
can be used.

Desired linear speed
of right, left wheels

Destination

Actuator
y State
torque
Controller Hq Wheelchair

Proposed
Path Planning

F. Algorithm

Waypoint &

H Final attitude . mHRVO
Destingtion [~y at waypoint Desired speed & H
ypoint & Y] - _ - :
' Attitude Spe];d Profile| ‘speed | | gifieq | attitude L Des‘;e‘i " Urd, Vid,
State | Planning | — | csign HRVO inear Speet —
: Algorithm_| Desired Algorithm of Wheels
attitude
Angular
Velocity | | posomomenes N
Gain | Proposed ||
Adaptation ! Path Planning | |
Algorithm ! Algorithm | |

FIGURE 6. Autonomous wheelchair system configuration.

The proposed path planning algorithm block in Fig. 6 con-
sists of four main blocks, namely, the ‘““Waypoint and Attitude
Planning (WAP) algorithm™, “Speed Profile Design (SPD)
algorithm™, “Angular Rate Gain Adaptation (ARGA) algo-
rithm”, and “modified HRVO (mHRVO) algorithm” blocks.
The “Desired Linear Speed of Wheels™ block just converts
the desired speed and attitude to the desired linear speed of
the wheels using (2). Every block obtains the state feedback,
which makes each block more robust. To be brief, WAP and
SPD compute the desired attitude and speed considering the
proper shape of the path and body acceleration constraints,
respectively. Then, nHRVO modifies the desired attitude and
speed to avoid collision, while AVGA modifies the angular
velocity gain to satisfy body acceleration constraints.

In this study, the local path planning is defined as planning
the path to avoid collision and the global path planning is
defined as planning the speed and direction to get to the
destination or waypoint, so mHRVO is for the local path
planning, WAP and SPD are for the global path planning, and
AVGA meets the body acceleration constraints by assisting
other blocks. Especially, SPD takes greater account of longi-
tudinal body acceleration constraints and AVGA takes greater
account of lateral body acceleration constraints to make the
user feel safe and comfortable.

A. WAYPOINT AND ATTITUDE PLANNING ALGORITHM

The main purposes of this block are determining a set of
waypoints that should be used to travel to the destination in
the shortest way based on the current position and computing
the desired attitude. Determining the set of waypoints is
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performed using Dijkstra’s algorithm [31] based on given
information of a global map, that is, which waypoints are
connected. The desired attitude is either the waypoint attitude
or driving attitude depending on the distance between the
current position and the waypoint to go. If the distance is
within a certain distance, the waypoint attitude is the desired
attitude. Otherwise, the driving attitude is the desired attitude.

The waypoint attitude is a desired attitude at the waypoint.
If the waypoint is the destination, then the desired attitude is
a predefined attitude based on an action taken by the user.
For example, if the destination is the reception desk, then
the user would want to look at the reception desk at the
destination. Thus, the waypoint attitude at the destination
is the direction toward the reception desk. If the waypoint
is not the destination, the waypoint attitude is the direction
toward the next destined waypoint. The driving attitude is the
direction from the current position to the destined waypoint.

B. SPEED PROFILE DESIGN ALGORITHM
The main purpose of this block is to design a speed profile
that minimizes the transportation time to the destination while
satisfying the body acceleration constraints and makes the
wheelchair have a path in the shape addressed in II-C. One of
the easiest ways for a wheelchair to have a path in the shape
addressed in II-C is stopping at every waypoint and turning
to the desired direction. However, it causes bump friction at
every waypoint, which not only makes users uncomfortable
but also makes them unsafe. In addition, if the change in
the direction at the waypoint is small, then every stop at the
waypoint is a waste of time becasue the wheelchair can turn to
the desired direction with nonzero speed while satisfying the
body acceleration constraints. Thus, SPD designs the speed at
the waypoints, called waypoint speed, and the speed profile
reduces the transportation time to the destination while satis-
fying the body acceleration constraints. Note that it is natural
that the desired speed at the destination is zero.

The waypoint speed that satisfies the body acceleration
constraints can be calculated using the approximated model
and waypoint attitude computed by WAP. We have

1 1
Vp = Vi = ——(r =) + —Kd(64 — ). (16)
C C

by (3) and substituting v, 4 and v; 4 into (2). In addition,
v — vy can be expressed as

_1 _1
Ve = vi=(0—vi0)e ©“+Kd(6g — O)(1—e 7). (17)

by solving (16) and setting the time ¢ as #,, which is the design
parameter used to address model uncertainty such as z.. As a
result, 6 can be obtained by (1) and (17) as

1

5 0r0 = V0" 4 Kd(Ba = 6)(1 — e %)
B d
where v, ¢ and v; ¢ are the current linear speeds of the right
and left wheels, respectively.
Let us define 7, as the approaching speed, which indicates
how fast the wheel’s linear speed approaches the desired

(18)
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speed. Additionally, 7, can be interpreted as the similarity
between the two-wheel robot and the real plant including
a controller. Therefore, if 7, increases to oo, (18) turns
to (1), which means that the wheel’s linear speed immediately
becomes the desired speed and the plant with the controller
is same as the two-wheel robot.

Because the lateral body acceleration is v, which must not
exceed the maximum lateral body acceleration, the waypoint
speed can be calculated as

ay,maxd
T —1, > leal>¢
V=13 (vro—vio)e ©“+ Kdeg(l —e ')
Vmax leg| <€
(19)

where vy is the waypoint speed, 0f ,, is the waypoint attitude,
6, is the direction from the current position to the waypoint,
eq is Of ,, — Oy, € is an arbitrary small constant, @y, max 18 the
maximum lateral body acceleration, and v is the maximum
speed of the wheelchair set for user safety.

Once the waypoint speed is generated, the procedure
designing the speed profile can be formulated as an opti-
mization problem, i.e., a minimum time problem with a fixed
final state and inequality constraints on the control and state
variables. In this study, the optimization problem is defined
as

y
J:/lm (20)
0

A R

|:V(tf)i| = [Vf] , 0=V <vmax, b < a = Xy up
a1 : :

where [/ is the distance from the current position to the
waypoint, a is the acceleration, a, j» and ay , are the lower
and upper bounds of the longitudinal acceleration constraint,
respectively, and v is the speed of the middle point of the
actuated wheels.

Let us define the Hamiltonian function as

subject to

and

H =1+ a+ i+ pi(axp — a) + pa(a — ax,up)
+usz(—a) + pga. (22)

Then, the optimal control input with corner conditions can be
found [32] as

a* = minH
a
0, v=00rv=vymax
= 1ax, O0<Vv<vpxandi; —p;+p2 >0 (23)
Ay by, 0 <V <vpaxand Ay —pup+pu2 <0

where a* is optimal control input. Note from (23) that the
optimal input is O, ay jp, Or ay . The results are similar to

VOLUME 8, 2020



Y. Jung et al.: Path Planning Algorithm for an Autonomous Electric Wheelchair in Hospitals

IEEE Access

bang-bang control but take into account the time delay of the
wheelchair. In addition, the controller inputs are continuous
because they are generated by (29). Thus, the response of
the wheelchair is smoother. It makes the user safer and more
comfortable.

The corner conditions are too complicated to determine
which optimal input should be selected through the equation,
so the graphic conditions shown in Fig. 7 are used in this
study to determine which optimal input should be chosen.
The optimal input depends on the current speed, waypoint
speed, and distance from the current position to the waypoint.
If the current speed and waypoint speed are both vy, it is
natural that the optimal input is zero. Additionally, while the
wheelchair is turning at the waypoint, the desired speed is
maintained as its waypoint speed.

U0 = Umax

vr Vo
S
i tr t
(a) (b)
UA v A
Umax [~"""""""""""" Umax [~ Ay, Ip
XU J

Vo E Vo :
’ SN L >

Iy Iy

(c) (C))

FIGURE 7. (a) Speed profile in case 1), (b) speed profile in case 2),

(c) speed profile in case 3) when the distance to the waypoint is shorter
than S’ in (26), and (d) the speed profile in case 3) when the distance to
the waypoint is longer than S’ in (26).

) v < Vo = Vmax
If the current speed is vpax and the waypoint speed
is smaller than vy, then the optimal input is either
zero or ay jp. In this case, the optimal input depends on
whether the distance from the current position to the
waypoint is longer than the following distance, S;.

2 2

Vmax "jf

S1 = (24)

—2axp
In Fig. 7(a), if the distance from the current position
to the waypoint is longer than Si, the optimal input is
zero, and otherwise, the optimal input is ay .

2) Vo < Vf = Vmax
If the waypoint speed is vmax and the current speed
is smaller than vy, then the optimal input is either
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Zero or ay up. In this case, the optimal input depends
on whether the distance from the current position to the
waypoint is longer than the following distance, S5.

2 2
v, — V
S, = -max_ 0 (25)
2ax,uh

In Fig. 7(b), if the distance from the current position
to the waypoint is longer than S, the optimal input
is ax up, and otherwise, the optimal input is zero.
3) V¢ # Vmaxs V0 # Vmax

If both the waypoint speed and the current speed are
not vmax, then the optimal input can be one of (23),
which depends on whether the distance from the current
position to the waypoint is longer than the following

distance.
1 vA — v vE— vl
S5 = —( max 0 f max). (26)
2 Ax . ub Ax . lb
V2 — V]%
—2ay p

If the distance from the current position to the waypoint
is shorter than S3, the optimal input is ay ., Whereas
the distance to the waypoint is longer than S4. Then,
the optimal input is ay 5, as shown in Fig. 7(c). If the
distance to the waypoint is longer than S3 and shorter
than S4, the optimal input is ay ,» unless the current
speed reaches vmax. Then, the optimal input is zero if
the distance to the waypoint is longer than S, and the
optimal input is a, j, if the distance to the waypoint is
shorter than Sy, as shown in Fig. 7(d).

The speed at the middle point of the two actuated wheels
can be expressed by (1) and (3) as follows.

1 1
V=——v+ —vy. (28)
7 7
If the optimal acceleration is found from the minimum time
problem, the desired speed at the middle point of the actuated
wheels can be computed as

Va =V + Tea. (29)

To speed up the response of the system’s speed, the large .
will increase the change in the desired speed, which relates to
the longitudinal body acceleration.

On the other hand, at the initial position where the
wheelchair is at a standstill, it is good to set the attitude
of the wheelchair along the desired direction before moving
to the destination for the user. For example, the wheelchair
should change the direction first and then move to the desti-
nation if the direction to the destination is different from the
wheelchair’s initial attitude. Thus, the desired speed at the
initial position is set to zero until the wheelchair’s attitude is
toward the desired direction.
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C. ANGULAR RATE GAIN ADAPTATION ALGORITHM

There exist two factors that decide the lateral body acceler-
ation, (i) speed, and (ii) angular rate, but the SPD adjusts
only the speed. The angular rate, however, should also be
considered to meet the lateral body acceleration constraint.
The main purpose of this block is to adjust the angular rate
gain so that the lateral body acceleration constraint is not
exceeded and to minimize the transportation time.

The angular rate can be expressed as

w = K6y — 0)(1 — e~ ') (30)

by (18) and assuming v, o = vy 9. Thus, K can be obtained as

K = min (%_uhlv Kmax)- (31)
V[0 —0l(1—¢” %)

Note that there are two variables, v and |6; — 6] in (31). It is
obvious that if a wheelchair’s speed increases, the angular rate
gain decreases so that the lateral body acceleration constraint
is not exceeded. On the other hand, if |6; — 6| decreases,
the angular rate gain increases until Ky, to quickly reach
the desired attitude. The role of Ky is that if |6; — 6] is
sufficiently small, the process of 8 approaching 6; will be
slow. This prevents a chattering problem around 6.

D. MODIFIED HRVO ALGORITHM

The HRVO algorithm is a collision avoidance algorithm suit-
able for various collision avoidance problems. Three prob-
lems, however, have to be considered for an application
of an autonomous wheelchair operated in a hospital. First,
the HRVO algorithm cannot address the case in which the
desired speed is zero and the wheelchair needs to change
only the attitude. Most collision avoidance problems do not
consider this case because the objective is mostly to min-
imize time, fuel, or travel distance. When the wheelchair
starts to move from a standstill, however, it is natural that
the wheelchair changes the attitude to the desired direc-
tion first because of the need for user safety. In a hospital,
the wheelchair often stops as one waits for their turn, sees a
doctor, etc. Second, although the HRVO algorithm considers
the system’s acceleration limitations [24], it cannot address
a time delay in the system. It is difficult to apply the HRVO
algorithm to a complicated system since the HRVO algorithm
assumes the system reacts immediately. Third, in the HRVO
algorithm, if the desired velocity vector is in the HRVO area,
then the velocity vector that has a small norm of the difference
from the desired velocity vector and is outside the HRVO
area is chosen as the collision-free velocity. If the objective
of the algorithm is to minimize the time-to-go to the goal
without a collision, the best strategy is to maintain a minimum
variation from the desired velocity. The most important aspect
in wheelchair path planning, however, is user safety. Thus,
the collision-free velocity has to be selected in a different
way. For those problems, the HRVO algorithm is modified
to address the standstill situation, the complicated system
application, and the guarantee of user safety in this study.
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For the first and second problems, the modified HRVO
algorithm makes a modified HRVO area and finds the
collision-free speed and attitude instead of finding the
collision-free velocity vector. The modified HRVO area has
two differences from the HRVO area. First, if the desired
speed is zero and a static obstacle is considered, the bound-
aries of the VO area become those of the modified HRVO
area. If an obstacle is a moving obstacle, choosing the bound-
aries of the modified HRVO area depends on whether the
obstacle moves closer or not. If the obstacle moves closer
to the wheelchair, one boundary of the modified HRVO area
is parallel to the obstacle’s velocity vector, and the other
boundary is toward the obstacle. Otherwise, there is no mod-
ified HRVO area from the obstacle. Whether the obstacle
moves closer or not is defined by whether the obstacle’s
relative velocity vector has an element toward the wheelchair.
Second, a modified HRVO area is made not using the cur-
rent wheelchair’s position but using the predicted position of
the wheelchair. As the system in the proposed algorithm is
considered as two-wheel robot kinematics with the first-order
dynamic system, the system’s speed can be computed with
t, defined in IV-B as

1 1
Vi, = voe % dvg(l —e %), (32)

Now, let us consider tlllat the wheelchair maintains the cur-
rent speed during ¢~ %' seconds because of the system’s
time delay. Then, when making the modified HRVO area,
the wheelchair’s position is

_1

[meRVO] _ | *0+voe = “ cos 6 (33)

= . .
YmHRVO yo -+ voe %' sin

If t, grows indefinitely, which means that the system
dynamics are similar to the two-wheel robot kinematics, or
7. becomes infinitely small, which means that the sys-
tem’s time delay goes to zero, then the change in the
wheelchair’s position goes to zero. If the changed position
passes by an obstacle and moves to a noncollision location,
then the position is not changed, and the boundaries of the
modified HRVO area become a straight line perpendicu-
lar to the wheelchair’s direction. As a result, the modified
HRVO algorithm determines the collision-free speed and
attitude to avoid a collision in advance.

For the third problem, the collision-free speed and attitude
are chosen as follows. The collision-free speed is among
the desired speed, the current speed, or the smallest speed
while satisfying the longitudinal acceleration constraint. The
collision-free attitude is the closest to the desired attitude.
When the modified HRVO area is made, the algorithm checks
whether the desired speed and attitude are in the HRVOy,,
which is a set of the speed and attitude in the modified
HRVO area. If not, the desired speed and attitude become
the collision-free speed and attitude. If so, a set of attitudes
satisfying the lateral body acceleration constraints is made
assuming that the desired speed is the current speed.
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The lateral body acceleration can be expressed as (34)
using (18) and (32).

. _1, S PO
vi,0 = (vpe © +vg(l —e w©))(fe =
1
+K By — 0)(1 —e '),  (34)

Thus, the attitude range satisfying the lateral body accelera-
tion constraint can be computed.

1 [a, .1 1 [a .1
_<>_’”’_ e fgfa)EAgS_(L“b_ge fcfa) (35)
Kta Vi

a tq Vi

a

where A0 = 6; — 6 and K,, = K(1 — ¢~ %), If all of the
elements of the set are not in the HRVOy,,, the current speed
and the attitude closest to the desired attitude become the
collision-free speed and attitude, respectively. If so, the algo-
rithm decreases the desired speed as much as possible while
satisfying the longitudinal body acceleration constraint. The
decreased speed is computed by (29), and another set of
attitudes satisfying the lateral body acceleration constraint is
made with the decreased speed. Finally, the algorithm checks
whether all of the elements of the set are in the HRVOy,;.
If not, the decreased speed and the attitude closest to the
desired attitude become the collision-free speed and attitude,
respectively. If so, the decreased speed is the collision-free
speed, and of the two boundaries of the modified HRVO area,
the attitude close to the current attitude is the collision-free
attitude. Fig. 8 shows a summary of the modified HRVO
algorithm.

V. NUMERICAL SIMULATIONS AND DISCUSSION

The performance of the proposed path planning algorithm
is demonstrated by numerical simulations with python. The
simulations are conducted for conventional toy problems and
real hospital maps. First, the proposed algorithm is compared
with the HRVO algorithm for a toy problem with static obsta-
cles and that with moving obstacles. Then, the simulation
results using the proposed algorithm with different values of
the design parameters, 7., #;, and Kpax, in the toy problem
with static obstacles are compared to observe the influences
of the parameters. After a comparison with the toy problems,
the performance of the proposed algorithm for real hospital
maps is demonstrated. There are two maps of real hospitals
utilized in this study: One map for part of the National Traffic
Injury Rehabilitation Hospital (NTIRH) and the other map
for part of the Seoul National University Hospital (SNUH).
In a hospital, the waypoints are markers on the hospital’s
wall and ceiling. The markers are pre-attached on crossroads,
reception desk, outpatient clinic, cashier’s office, and any
other important places. The wheelchair model used in the
numerical simulations is the model addressed in III with actu-
ator dynamics including saturation. The body acceleration
constraints are all 0.1 m/s> and the maximum desired speed
is 1 m/s. The PID controller is used in the simulations, but
any other controllers can be used. Outputs of the controller
are torque signals of two wheels and gains of PID are 10,
0.1, 0.5, respectively. The gains are set so that the controller
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Input: desired speed (vq), desired attitude (64), current
speed (v..), current attitude (6..), and obstacle information
Output: collision-free speed (vy) and collision-free attitude
0y)
1: Make mHRVOj,;, which is the set of (v, #) in the modi-
fied HRVO area
2: if (?)d, Od) € mHRVO,,; then
3: Vd = Ve
4:  Make a set of attitudes (O) that satisfies the body
acceleration constraints
if All elements of (v4, ©) are in MHRVOy,; then
Vg = V¢ + Tclg,lb
Make a set of attitudes (O') that satisfies the body
acceleration constraints
if All elements of (v4, ©') are in mMHRVOy,,; then

: Vf = Vq
10: 8y =The one close to §. between min(©’) and
max(©’)
11: else
12: (vf,0f) = (v, argming g (0q — 0)?)
13: end if
14:  else
15: (vf,0f) = (vg, argminge g (04 — 6)%)
16:  end if
17: else
18: (vg,0f) = (va,0a)
19: end if

20: return (vys,6)

FIGURE 8. Modified Hybrid Reciprocal Velocity Obstacle (HRVO)
Algorithm.

does not show the best performance to show that the proposed
algorithm is robust to the performance of the controller. The
HRVO algorithm compared with the proposed algorithm uses
Dijkstra’s algorithm [31] as global path planning.

A. PRELIMINARY SIMULATION WITH TOY PROBLEMS

1) TOY PROBLEM WITH STATIC OBSTACLES

In this section, the proposed algorithm is compared with
the HRVO algorithm for toy problems with static obsta-
cles. A wheelchair starts in front of a static obstacle. The
wheelchair has to avoid the obstacle and turns at the center
of a lobby. The design parameters are 7. = 3,¢, = 0.4 and
Kmax = 10. Additionally, the wheelchair’s desired attitude at
the destination is 90° only set in the proposed algorithm.

In Fig. 9(a), the trajectory generated by the HRVO
algorithm turns with a large radius of curvature, and the
wheelchair almost bumps into the wall, whereas the trajectory
generated by the proposed algorithm turns at the waypoint
with a small radius of curvature, which is the proper shape
for the path addressed in II-C, as shown in Fig. 9(b).

Additionally, the wheelchair using the HRVO algorithm
cannot stop and bumps into the wall at the destination,
whereas the wheelchair using the proposed algorithm arrives
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FIGURE 9. Trajectory in the toy problem with a static obstacle: (a) HRVO
algorithm and (b) proposed algorithm (zc = 3, tg = 0.4, and Kmax = 10).

at the destination with the desired attitude. The reason for
these results is that the HRVO algorithm does not consider the
system’s time delay, which is caused by differences between
the real system dynamics and two-wheel robot kinematics,
including the saturation and time delay of an actuator, the per-
formance of the controller, caster dynamics, influences of a
user, etc. Thus, the HRVO algorithm makes the desired speed
and attitude speed command while expecting an immediate
system response. On the other hand, the proposed algorithm
considers and addresses the differences by generating the
speed command in advance while taking into account the time
delay of the system response.

In Fig. 10, the desired values are those designed by each
algorithm. In Fig. 10(b), it can be seen that the WAP designs
the waypoint speed to make the wheelchair satisfy the lateral
body acceleration constraint at approximately 40 seconds.
The desired speed profile is designed to minimize the travel
time while satisfying the longitudinal body acceleration con-
straint. In Fig. 10(a), the HRVO algorithm does not decrease
the speed command even when the obstacle is detected
at approximately 35 seconds, and it makes the wheelchair
almost bump into the wall. It is because the HRVO algorithm
does not consider the time delay of the system response.
On the other hand, the modified HRVO algorithm considers
the time delay of the system response so that the wheelchair
can take action in advance, which is shown again in the
toy problem with moving obstacles. Note that the proposed
algorithm designs the desired speed in advance so that the
true speed follows the tendency of the desired speed. If the
wheelchair follows this tendency, then the gap between the
wheelchair’s speed and the desired speed is irrelevant because
the desired speed is designed in advance.

In Fig. 11, the body accelerations of the proposed algo-
rithm are within the body acceleration constraints, whereas
those of the HRVO algorithm exceed the constraints.
In Fig. 11(b), when the lateral acceleration increases and is
poised to exceed the limit, ARGA decreases K to restrain the
lateral body acceleration.
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FIGURE 10. Speed, attitude, and obstacle detection in the toy problem
with static obstacles: (a) HRVO algorithm and (b) proposed algorithm
(zc = 3,tq = 0.4, and Kmax = 10).
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FIGURE 11. Body accelerations, angular rate and angular rate gain in the
toy problem with static obstacles: (a) HRVO algorithm and (b) proposed
algorithm (z¢ = 3, tg = 0.4, and Kmax = 10).
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2) TOY PROBLEM WITH MOVING OBSTACLES

In this section, the proposed algorithm is compared with
the HRVO algorithm for toy problems with moving obsta-
cles. Three pedestrians act as moving obstacles following
the HRVO algorithm. Each pedestrian is modeled as the
first-order dynamic system with its own time constant. The
pedestrians with a small time constant represent people who
can avoid obstacles quickly, and the pedestrians with a large
time constant represent people who cannot avoid obstacles
quickly. Every pedestrian has its own desired speed and time
constant. In addition, the departure time for each pedestrian
is adjusted so that the wheelchair and each pedestrian can
interact. Table 1 shows the desired speed and time constant
of each pedestrian and the minimum distance between the
wheelchair and the pedestrians. The desired speed is set
considering the average walking speed of 4 km/h for humans,
and the limitation of the minimum distance is set to 0.5 m.

TABLE 1. Desired speed, time constant of pedestrians, and minimum
distance from pedestrians in the toy problem (Sl units).

Desired speed | Time constant | Minimum distance
(HRVO/proposed)
Pedestrian 1 1 0.1 0.73/1.25
Pedestrian 2 0.5 2 1.06 /0.90
Pedestrian 3 0.4 3 0.28/1.78

In Table 1, the proposed algorithm is better than the
HRVO algorithm in terms of the minimum distance between
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the wheelchair and the pedestrians taken as a whole. Even
the minimum distance of the HRVO algorithm between the
wheelchair and pedestrian 3 cannot meet the limitation.
Furthermore, the proposed algorithm makes smaller move-
ment than the HRVO algorithm to avoid collisions as shown
in Fig. 12.

Trajectory of the wheelchair Trajectory of the wheelchair
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FIGURE 12. Trajectory in the toy problem with a moving obstacle:
(a) HRVO algorithm and (b) proposed algorithm (¢ = 3, g = 0.4, and
Kmax = 10).

In Fig. 13, the HRVO algorithm makes excessive com-
mands in both speed and attitude so that the wheelchair
cannot follow the commands. In contrast, the modified HRVO
algorithm in the proposed algorithm considers the time delay
of the wheelchair and generates the commands in advance so
that the wheelchair can follow the commands. Furthermore,
the proposed algorithm can sufficiently reduce the speed,
which gives pedestrians time to avoid a collision; neverthe-
less, the pedestrians cannot move quickly. Thus, the minimum
distances of the proposed algorithm between the wheelchair
and the pedestrians are larger than that of the HRVO algo-
rithm when considered as a whole; the wheelchair also
changes the attitude less. In addition, the body accelerations
of the proposed algorithm are within the body acceleration
constraints, whereas those of the HRVO algorithm exceed the
constraints, as shown in Fig. 14.
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FIGURE 13. Speed, attitude, and obstacle detection in the toy problem

with moving obstacles: (a) HRVO algorithm and (b) proposed algorithm
(tc = 3, tq = 0.4, and Kmax = 10).
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FIGURE 14. Body accelerations, angular rate and angular rate gain in the
toy problem with moving obstacles: (a) HRVO algorithm and (b) proposed
algorithm (z¢ = 3, tg = 0.4, and Kmax = 10).

3) EFFECTS OF THE PARAMETERS

In this section, the effects of each design parameter are dis-
cussed. The environment is same as the toy problem with
static obstacles in the previous section. First, the effects of 7.
are shown and discussed by decreasing 7. from 3 to 1. Then,
the effects of #, are shown and discussed by decreasing 7,
from 0.4 to 0.1. Finally, the effects of Kpyax are shown and
discussed by decreasing Kyax from 10 to 1.

7. is the time constant of the actuated wheel’s linear speed
dynamics modeled as a first-order dynamic system, (3). Thus,
if 7. is large, then the proposed algorithm considers that the
linear speed of the wheels slowly follows the desired speed.
As aresult, the proposed algorithm makes a speed command
more in advance considering the time delay of the wheelchair.
In contrast, if 7, is small, then the proposed system makes a
speed command less in advance since the proposed algorithm
considers that the wheelchair will follow the speed command
quickly. However, if the wheelchair is not as fast as the
proposed algorithm considered, then the wheelchair cannot
follow the speed command, and the mobility is decreased.
As a result, the body accelerations are decreased.

If we compare Figs. 11(b) and 15(b), both the longitudinal
and lateral body accelerations are decreased with small ..
The proposed algorithm generates the desired speed com-
mand less in advance considering that the wheelchair can
follow immediately. When the wheelchair’s speed is not
changed as expected, however, the longitudinal body accel-
eration and the angular rate are decreased. As a result, both
the longitudinal and lateral body acceleration decrease as
7. decreases. Although 7. affects both the longitudinal and
lateral body accelerations, 7. is used to meet the longitudinal
body acceleration constraint since 7. is dominantly related to
the desired speed command as (29).

On the other hand, #, indicates how fast the actuated
wheel’s linear speed approaches the desired speed. Thus,
if ¢, is large, the proposed algorithm considers that the actu-
ated wheel’s linear speed matches quickly the desired speed.
This can be interpreted as the wheelchair dynamics being
close to the two-wheel robot kinematics. In contrast, if z,
becomes small, the proposed algorithm considers that the
actuated wheel’s linear speed matches slowly the desired
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FIGURE 15. Effects of z¢ in the toy problem with static obstacles (r¢ = 1):
(a) speed, attitude, and obstacle detection and (b) body acceleration,
angular rate and angular rate gain.

speed. Thus, the proposed algorithm generates a speed com-
mand more in advace assuming that the response of the
wheelchair will be slow. If the time delay of the wheelchair is
not as large as expected, however, the wheelchair will follow
the excessive speed command, and the body accelerations
will exceed the constraints. In Fig. 16, the lateral body accel-
eration exceeds the constraint at approximately 100 seconds
and 125 seconds. In addition, if ¢, is small, the modified
HRVO algorithm considers the response of the wheelchair to
be slow. Thus, the modified HRVO algorithm makes the small
speed command for safety. As a result, the speed command
remains excessively small while the obstacle is detected at the
beginning.
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FIGURE 16. Effects of tg in the toy problem with static obstacles
(ta = 0.1): (a) speed, attitude, and obstacle detection and (b) body
acceleration, angular rate and angular rate gain.

It seems that ¢, is the counterpart of .. ¢, is, however, not
involved in the longitudinal body acceleration. The desired
speed is eventually computed by (29); 7. is the only design
paremeter involved in the longitudinal body acceleration.
Thus, 7. is first set to satisfy the longitudinal body accel-
eration constraint; then, ¢, is set to satisfy the lateral body
acceleration constraint.

Kmax is the upper bound of K. The role of Knx is that
if |64 — 6] is sufficiently small, the process of 6 approach-
ing 6; will be slow. In (31), there is a difference between
the current attitude and the desired attitude in the denom-
inator. If the difference goes to zero, the absolute value
of K goes to infinity resulting in excessive angular veloc-
ity. Thus, Knax means that if the difference becomes small
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to a certain level, K is fixed as Kmax, and the angular
rate computed by (30) no longer increases. If we compare
Figs. 11(b) and 17(b), the angular rate is decreased as a
whole with small Kp.x. As a result, the lateral body accel-
eration is decreased, as shown in Fig. 17(b). This means
that the mobility of the wheelchair is decreased. If we com-
pare Figs. 17(a) and 10(b), the wheelchair cannot change
the attitude as desired with a small Kn,x. If the parameters

are manipulated in the opposite direction, it shows opposite
results.
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FIGURE 17. Effects of Kmax in the toy problem with static obstacles
(Kmax = 1): (a) speed, attitude, and obstacle detection and (b) body
accelerations, angular rate and angular rate gain.

B. EXTENDED SIMULATION IN ACTUAL HOSPITALS

In this simulation, the proposed algorithm is validated with
some scenarios in real hospital maps. There are two hospital
maps: one map is part of the NTIRH’s 1st floor, and the
other map is part of SNUH’s 1st floor. The positions of the
markers that play the role of waypoints are selected temporar-
ily, and how the locations of the markers are selected will
also be an important future work. The design parameters are
7. = 3,t; = 0.8 and Knax = 10. The limitation of the
minimum distance is set to 0.5 m.

1) SIMULATION IN THE NATIONAL TRAFFIC INJURY
REHABILITATION HOSPITAL

The NTIRH was constructed to specialize in rehabilitation.
Thus, it is meaningful to verify the proposed algorithm in the
NTIRH. The scenario consists of two parts. One part involves
moving from the main entrance to the main reception, and
the other part involves moving from the main reception to
the outpatient clinic. In particular, a patient comes into the
NTIRH, rides an autonomous electric wheelchair at the front
of the main entrance, moves to the main reception, and moves
to the outpatient clinic to see a doctor. Thus, the desired
attitudes at the destinations of each part are —80° toward the
main reception and —180° toward the outpatient clinic room,
as shown in Fig. 18. Every pedestrian as a moving obsta-
cle has their own desired speed and time constant. Table 2
shows the desired speed and time constant of each pedestrian

and the minimum distance between the wheelchair and the
pedestrians.
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FIGURE 18. The trajectory, speed, attitude, and body accelerations in the
NTIRH: (a) from the main entrance to the main reception and (b) from the
main reception to the outpatient clinic.

TABLE 2. Desired speed, time constant of the pedestrians, and minimum
distance from the pedestrians in the NTIRH (SI units).

[[ Desired speed [ Time constant | Minimum distance

Pedestrian 1 1 0.1 1.88
Pedestrian 2 0.7 1 1.76
Pedestrian 3 0.7 2 2.35
Pedestrian 4 0.7 1 1.06

In Fig. 18, the response of the attitude, 6, oscillates because
of the controller’s poor performance. However, body accel-
erations do not exceed the body acceleration constraints
because the proposed algorithm considers the time delay
of the system, including the actuator dynamics, perfor-
mance of the controller, and model uncertainties. Note that
the wheelchair arrives at the destination with the desired
attitude. From the main reception to the outpatient clinic,
the wheelchair detects pedestrians at approximately 60, 100,
115, and 175 seconds. Every time, the proposed algorithm
generates the speed and attitude command in advance. Thus,
the wheelchair can reduce the speed and change the attitude
while satisfying the body acceleration constraints.

2) SIMULATION AT SEOUL NATIONAL UNIVERSITY HOSPITAL
In this section, the proposed algorithm is applied to a more
complicated environment, SNUH. The scenario consists of
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FIGURE 19. The trajectory, speed, attitude, and body accelerations in

the SNUH: (a) from the main entrance to the main reception, (b) from the
main reception to the outpatient clinic, and (c) from the outpatient clinic
to the cashier’s office.

TABLE 3. Desired speed, time constant of the pedestrians, and minimum
distance from the pedestrians in the SNUH (Sl units).

Desired Time Minimum
speed constant distance

. Pedestrian 1 1 0.1 1.95
\pan enanCe = | pedestrian 2 || 0.8 1 1.23
aimn receptio Pedestrian 3 0.6 2 0.73
. . Pedestrian 1 1 0.1 1.88
1(\)41?; nal;ie:;p 21(1):1? Pedestrian 2 0.7 1 1.31
P Pedestrian 3 0.6 1 2.46
Outpatient clinic Pedestrian 1 0.6 1 1.88
- gashier’s office Pedestrian 2 0.8 1 1.61
Pedestrian 3 1 0.1 1.77

three parts. First, a patient moves from the main entrance to
the main reception. Second, the patient moves from the main
reception to the outpatient clinic. Third, the patient moves
from the outpatient clinic to the cashier’s office. The desired
attitudes at the destinations of each part are 135° toward
the main reception, 225°, toward the outpatient clinic room,
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and —90° toward the cashier, as shown in Fig. 19. Table 3
shows the desired speed and time constant of each pedestrians
and the minimum distance between the wheelchair and the
pedestrians.

Fig. 19 and Table 3 show that the proposed algorithm oper-
ates well in a more complicated environment. The minimum
distances between the wheelchair and the pedestrians are all
above the limitation, 0.5 m. Furthermore, the body acceler-
ations are within the body acceleration constraints, while
the wheelchair arrives at the destinations with the desired
attitudes.

VI. CONCLUSION

In this research, a path planning algorithm for an autonomous
electric wheelchair being operated in hospitals is proposed.
The proposed algorithm considers the planning of both local
and global paths to satisfy body acceleration constraints,
to avoid collisions, and to transfer efficiently through the
clinical process in hospitals. Two-wheel robot kinematics
with the first-order dynamic system are used to make the
proposed algorithm applicable to most two-wheel actuated
systems with more complex components. Wheelchair dynam-
ics are newly derived, including the user’s influences on
the wheelchair, which are used in the numerical simula-
tions. To satisfy the body acceleration constraints for user
safety, a waypoint and attitude planning algorithm, speed
profile design algorithm, angular rate gain adaptation algo-
rithm, and modified HRVO algorithm are proposed in this
study. The performance of the proposed algorithm has been
demonstrated by extensive numerical simulations with the
full dynamics of the wheelchair. The simulation results show
that the proposed algorithm satisfies body acceleration con-
straints while following paths that are appropriate to hospitals
and that the proposed autonomous electric wheelchair could
be applied in hospitals.

Several directions of future work remain to ensure optimal
operation of an autonomous electric wheelchair in a hospi-
tal. First, how marker locations are selected is an important
future work, as mentioned above. Markers are widely used
as waypoints in indoor environments where GPS cannot be
used. In addition, markers can aid in wheelchair navigation
by correcting the accumulated IMU error whenever these
markers are detected. Markers are carefully chosen, with con-
sideration for which locations are not only efficient but also
safe for both a wheelchair and pedestrians. Second, the con-
cept of path yielding has to be considered. If a wheelchair
encounters people who can move freely, people will yield the
path for the wheelchair. In hospitals, however, some patients
cannot yield the path because their movement may be more
restricted than those in a wheelchair, such as patients on
stretchers. In these cases, the wheelchair must yield the path.
In particular, the concept of path yielding will be important
future work for a robot operated in a crowd. With those future
works, experiments with actual wheelchair in real hospitals
have to be conducted to evaluate and improve the proposed
algorithm.
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