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This work presents the kinematic and dynamic modeling of a human—wheelchair system which
considers that its center of mass is not located in the middle of the wheel’s axle. Furthermore, a
novel motion controller is presented for a human—wheelchair system, which is capable of per-
forming positioning and path-following tasks in human-shared environments. This controller
design is based on two cascaded subsystems: a kinematic controller, and a dynamic controller
that compensates the dynamics of the human—wheelchair system. Additionally, an algorithm based
on fuzzy-logic is proposed and incorporated in the aforementioned path-following control for pe-
destrian collision avoidance. This methodology considers to quantify heuristics social rules to make
a balance between modulating velocity or direction during the avoidance. Three different inter-
ference cases, commonly found during walking events, are tested in a structured scenario. The
experimental results demonstrate that the system is capable of overcoming many usual interference
situations with human obstacles. A good performance of the path-following control is also verified.

Keywords: Wheelchair; dynamic modeling; cascade control; Lyapunov’s method; fuzzy logic;
social evasion; pedestrian collision avoidance; human-robot interaction.

1. Introduction

In recent years, robotics research has experienced a significant change. Research
interests are now moving from the development of robots for structured industrial
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environments to the development of autonomous mobile robots operating in un-
structured and natural environments.'® The integration of robotic issues into the
medical field has shown growing interest in recent years. Service, assistance, reha-
bilitation and surgery are some of the human health-care areas which have been
benefited with the recent advances in robotics. Specifically, autonomous and safe
navigation of wheelchairs in human-shared environments is a critical goal in assis-
tance robotics.! 710

A robotic wheelchair assists people with both lower and upper limb impairments
or severe motor dysfunctions to overcome the difficulties in self-driving a wheelchair.
The robotic wheelchair system integrates a sensory subsystem, a navigation and
control module and a user-machine interface to guide the wheelchair in autonomous
or semi-autonomous mode.” In autonomous mode, the robotic wheelchair moves to
the destination without user-control. This mode is intended for people who have
great difficulties to drive the wheelchair. In semi-autonomous mode, the user shares
the control with the robotic wheelchair. In this case, some motor skills of the user are
needed.

Hence, a trajectory will be automatically generated and a trajectory tracking
control will guide the wheelchair to the desired target. As indicated, the fundamental
problems of motion control of a robotic wheelchair can be roughly classified into
three groups: (1) point stabilization control: the objective is to stabilize the wheel-
chair at a target point with a desired heading; (2) trajectory tracking control: the
wheelchair is required to track a time-parametrized reference; and (3) path-following
control: the wheelchair is required to converge to a path and to follow it, without any
time specifications. This work is focused on the path-following control problem.!!
The path-following control problem has been well studied in the literature, and many
solutions have been proposed and applied in a wide range of applications.

Let £4(s) € R? be a desired geometric path parametrized by the curvilinear ab-
scissa s € R. In the literature, different control algorithms for path-following control
consider s(t) as an additional control input.'*'® Furthermore, it is important to
consider the wheelchair’s dynamics in addition to its kinematics because wheelchairs
carry relatively heavy loads. As an example, the trajectory tracking task can be
severely affected by the change imposed to the wheelchair dynamics when it is
carrying a person, as shown in Martins et al.'® Hence, some path-following control
architectures already proposed in the literature have considered the inclusion of the
dynamics of the wheelchair robots.'%!7 In such context, it is important to indicate
that the mass center of the robotic wheelchair changes because of postural issues,
limb amputations, or obesity.'®

When a social robot (a human—wheelchair system) navigates in a human-shared
environment, it is supposed that it must respect social zones of human obstacles to
improve its social acceptance. As consequence of this hypothesis, in robotics, some
conventions have been established. For example, Lam et al.'” discuss different types
of personal space for humans according to the situation, e.g., they assume an egg-
shaped personal space for the human while walking, due to the fact that they should
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have a long and clear space during the gait (so as to render the feeling of being safe).
As a result, they consider that the length of the semi-major axis of the potential field
is proportional to the human velocity. Scandolo and Fraichard use personal space in
their social cost map model for path simulation.?’ Guzzi et al.?* incorporate a po-
tential field that dynamically modifies its dimensions according to the relative dis-
tance to the human to avoid an occlusion event or a “deadlock”. In Ratsamee et al.”?
a human-friendly navigation approach is proposed, where the concept of personal
space or “hidden space” is used to prevent uncomfortable feelings when humans try
to avoid or interact with robots. This is based on the analysis of human motion and
behavior (face orientation and overlapping of personal space).

In recent years, many works have focused in solving this kind of problem in
human-shared environments. The social force model is probably the first model for
pedestrians, which is capable of predicting the emergence of collective, self-organized
crowd patterns from local interactions among individuals.?* Since its first publication
in 1995, there has been an important development of this model as well as new
models based on similar concepts.?? Consequently, in current times, the social force
model is largely seen as a general framework commonly used in the community of
crowd modelers.?*

In addition, some specific scenarios have been studied during the locomotion in
corridors and intersections between humans, commonly named as “passing” and
“crossing” events, respectively. To represent these behaviors, both of them have been
studied separately by considering modifications over the traditional functional cost
for navigation based on global planification, where the functional cost is modified
according to the direction compatibility. This approach allows to modulate speed
instead of wheelchair heading when avoiding pedestrian collision. These algorithms
are based on the projection of human motion. However, the global planification

perspective requires, consequently, high computational costs.?*2¢

In contrast, other authors consider totally decentralized algorithms,?"*" as an
extension of bio-inspired cognitive simulation methods, e.g., the algorithm developed
to simulate crowd of humans.?® These algorithms consider the projection of the robot
and all the individuals in the scenario by considering a uniform linear motion, which
allows to generate a collision curve for each participant, whereon the distances of
collision in each direction of motion are represented. In this way, each individual
moves in a direction without colliding and where the objective point is the nearest
one. This bio-inspired algorithm has proven useful for many crowd simulations, even
though the high computational costs are also a hindrance to a practical implemen-
tation. Although many approaches have presented alternatives to avoid humans in
different scenarios, they are focused in crowd simulation, and its extension to the
mobile robot field has resulted quite limited. Besides, no methodology has been
presented that allows for incorporating this locomotion behavior in a physical
platform as a reactive and decentralized algorithm. The decentralized approach
based on bio-inspired and heuristic algorithms seems the most likely reliable method
to apply in this kind of social navigation tasks.
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Therefore, this work presents a control algorithm for autonomous navigation of a
human—wheelchair system to assist persons with severe motor disabilities, which is
able to follow a path in human-shared environments. In this way, the assistive device
does not only increase the autonomy of people with motor disabilities but also
contributes to their social inclusion. The proposal consists of a control algorithm
to follow the path, and a heuristic algorithm to modify the path references according
to an inferred collision avoidance strategy. For this, a dynamic model of the human—
wheelchair system which considers lateral deviations of the mass center sourced to
user’s movement, limb amputations, or obesity, is considered. The obtained dynamic
model has an adequate structure and properties for designing a control law, and the
control input can be given in terms of linear and angular reference velocities, as
usually found in commercial mobile robots.'’ This latter characteristic is an ad-
vantage when evaluating the control experimentally. In this manner, the path fol-
lowing control consists of a cascade control scheme, where: (i) the outer-loop consists
of a kinematic controller with saturation of velocity commands, which is based on
wheelchair robot’s kinematic; and (ii) the inner-loop consists of a dynamic com-
pensation controller that considers the aforementioned dynamic model, which is
directly related to physical parameters of the system. The stability of the proposed
control system is proven through Lyapunov’s method.

Once that the path-following control is guaranteed, a novel heuristic human-
evasion avoidance algorithm is included to modify the desired path reference, where
the concept of social navigation is mainly analyzed as an alternative to improve the
acceptance, performance and autonomy of robotic wheelchair systems. The legibility
of the robot motions is a key point to be improved, i.e., improve the means to make
a person intuitively understands the intentions of a robot.?>?’ Particularly, this
novel heuristic approach quantifies social rules that are commonly used by pedes-
trians in locomotion situations, i.e., passing in corridors or crossing in intersections,
where a nonverbal negotiation is required. The main objective is to define an al-
gorithm based on fuzzy-logic to make a balance between speed variation and
wheelchair heading changes to avoid pedestrian collision. In this way, the meth-
odology consists in analyzing the movement characteristics, such as the relative
location, orientation and distance between the human obstacle and the human—
wheelchair system, and generating rules that define legible and natural movements,
easily predictable by humans. In consequence, a methodology to incorporate this
effect in the path-following control based on a social force composition is proposed.
Finally, to validate the proposed control algorithm, experimental results are in-
cluded and discussed.

The paper is organized as follows: Section 2 shows the modeling of the human—
wheelchair system. Section 3 describes the path following’s formulation problem and
the control scheme. System stability is also analyzed in this section. Later, Sec. 4
gives a detailed description of the fuzzy-based algorithm for pedestrian collision
avoidance by considering its incorporation in the path-following control. In Sec. 5,
three different interference scenarios are tested to verify the performance of this
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method. As a result, a brief discussion about the experimental results is presented in
Sec. 6. Finally, conclusions are given in Sec. 7.

2. Modeling of a Human—Wheelchair System

As aforementioned, this work is based on a human—wheelchair system. A robotic
wheelchair is a differential drive mobile robot (DDMR) that can rotate freely around
its vertical axis. It is assumed that the human—wheelchair system moves on a planar
horizontal surface, where the vertical disturbances have been neglected (see Fig. 1
and its nomenclature in Table 1).

Let R(X, Y, Z) be any fixed frame with Z vertical axis. Traditionally, the motion
control design for DDMR has considered that the point of interest, which should
follow a desired trajectory, is located at the middle of a virtual axle between the
wheels. However, in this work, this point is located in front of the virtual axle (point
h(z,y) of Fig. 1). Such point is herein after named as the point of interest. Figure 1
illustrates the wheelchair considered in this work.

The force and moment equations for the human—wheelchair system are:

ZFx’:m(u/_ﬂ’w):Frlx’+Frrx’+ch’+Fdx’+Fex’+fo’v (1)

(R}

Fig. 1. Schematic of the robotic wheelchair.
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Table 1. Nomenclature of the schematic of the wheelchair.

Center of mass

The center axis of the two wheels

Point that is required to track a path in R
Position in the axes of the wheelchair
Robotic wheelchair heading

Angular velocity

R E eS8 TwaQ
« 8
S5

U Longitudinal and lateral velocities of the center of mass
Frrps oy Longitudinal and lateral tire forces of the right wheel
Frpy Py Longitudinal and lateral tire forces of the left wheel
Flgry By Longitudinal and lateral force exerted on, by the human
Th Moment exerted by the human
Fey, Feyy Fay Fgy Longitudinal and lateral tire forces exerted on C and D by the rear castor wheels

Fopry Foyr, Fryr s By Longitudinal and lateral tire forces exerted on E and F by the front castor wheels
d, by, by, a,c Distances

(ﬁ—u/w)ZFler+Fwy;-I—Fcy/-l-de;-i-Fey/-i-ny;, (2)
. d
ZMZ = Izw = §(Frm/ - Frlz’) + bQ(Frrz’ + Frlz’) - bl(Frly’ + Frry’)
d
- (C— bl)(de’ +Fcy’) + (e_ bl)(ny’ +Fey’) + (5"_ b?)(Fcz’

+ F) = (5= 8) (Far + Fu) 3)

where m = my, + m,, is the human—wheelchair system mass in which m;, is the human

mass and m,, is the wheelchair mass; and I, is the human—wheelchair system moment

of inertia about the vertical axis located in G. According to Zhang et al.*® velocities
u,w and u, including the slip speeds, are given by

u=g (@ Hw) w=(w —w) (4)

= buw, (5)

where r is the right and left wheel radii; d is the distance between wheels; w, and w;
are the angular velocities of the right and left wheels, respectively.

It is considered that motors of the wheelchair are identical, thus, the motor
models attained by neglecting the voltage on the inductances are:

. ko(v, — kyw,) .= ko (v — Eyw;)

Ty = Ra ) I — Ra ) (6)
where v, and v; are the input voltages applied to the right and left motors; &; is equal
to the voltage constant multiplied by the gear ratio; R, is the electric resistance
constant; 7, and 7; are the right and left motor torques multiplied by the gear ratio;
and k, is the torque constant multiplied by the gear ratio. The dynamic equations of
the motor-wheels are:

Iewr + Bcw'r =Ty — F77w’r7 (7)
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Lw+ Bwy =7 — Fopr, (8)

where I, and B, are the moment of inertia and the viscous friction coefficient of the
combined motor rotor, gearbox, and wheel. In general, commercial robots have low-
level controllers based on PID controllers to track commands of angular and linear
velocity. Therefore, it is useful to express the human—wheelchair system model in a
suitable way by considering rotational and translation velocity references as input
signals. For this purpose, the velocity controllers are included into the model.
To simplify the model, a PD velocity controller has been considered, which is de-
scribed by the following equations:

Uy = kPT(urcf - umc) + kDT(urcf - ﬂmc)? (9)

Vo = kPR(wref - wme) + kDR(wref - wme)v (10)

where kpt, kpT, kpr and kpr are gain positive constants of the PD controllers.
Later, from (1)—(10) and neglecting perturbations and uncertainties, the dynamic
model of the human—wheelchair system is obtained and compactly expressed as:

M(C)V + C(§> V)V = Vref; (11)

where M(c) € R™ with n =2 and M(s) = [ gé :7} represents the human—
—S8 S2
wheelchair system’s inertia; C(s,v) € ™" and C(s,v) = [:‘L _23“]
5 6
the components of the centripetal forces; v € R" and v = [uw]T is the vector of
system’s velocity; Vies € R” and Vyer = [ty wief] T is the vector of velocity control
signals for the wheelchair; and ¢ € R! with [ =8 and ¢ = [¢ 5 ... ;] is the vector
of dynamic parameters, which contain the physical, mechanical and electrical
parameters of the human—wheelchair dynamics. More details about these parameters
and properties of this dynamic model with velocity references as control inputs can

} represents

be found in Andaluz et al.®!

2.1. Kinematic expressions

The kinematic expressions of the nonholonomic human—wheelchair system are
defined as

T = ucosy — awsin P
Y= usiny + awcos (12)
b=w

Also, the equation system (12) can be written compactly as
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where h = [% §]T € R? represents the vector of axis velocity of the R(X,Y,Z)
system; J (1) = {cosw asiny

siny acosy
maneuverability of the wheelchair is defined v € R" and v = [u w] T € R? in which u
and w represent the linear and angular velocities of the wheelchair, respectively. Ad-
ditionally, Eq. (12) includes the nonholonomic velocity constraint of the robotic
wheelchair which determines that it can only move perpendicular to the wheels axle,

Zsiny — gcosth + aw = 0. (14)

] € R?%2 is a singular matrix; and the control of

Hence, the mathematical model of the human—wheelchair system is represented
by (11) and (13), which represent the dynamic and kinematic model respectively,
where the velocity references of the robotic wheelchair are the input signals.

3. Path Following and Positioning Controller

As represented in Fig. 2, the path to be followed is denoted as P(s), where
P(s) = (zp(s), yp(s)); the actual desired location Py = (zp(sp), yp(sp)) is defined as
the closest point on P(s) to the human—wheelchair system, with sp being the cur-
vilinear abscissa defining the point P,; the unit vector tangent to the path in the
point P, is denoted by T'; 7 is the orientation of T with respect to the inertial frame
R(X,), 2);Z = zp(sp) — x is the position error in the X direction; § = yp(sp) — y is
the position error in the ) direction; p represents the distance between the wheel-
chair position h(z,y) and the desired point P,, where the position error in the p
direction is p = 0 — p = —p, i.e., the desired distance between the wheelchair posi-
tion h(z,y) and the desired point P; must be zero; and 6, is the orientation of the
error vector g with respect to the inertial frame R(X, ), Z).

2(s)

v Vs

) ) P —
y
D
)1 "%
P
< .

Fig. 2. The orthogonal projection of the point of interest over the path.
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Followed path

14C) U
X

Fig. 3. Fuzzy inputs used to define social rules.

According to Fig. 8, the path-following problem is solved by a control law capable
of making the point of interest to assume a desired velocity equal to

V =wp(sp,h) = |'UP(3Da h)|£07, (15)

besides making the human—wheelchair system stays on the path, i.e., z =0 and
§ = 0. Therefore, if lim;_,,. Z(¢) = 0 and lim,_,, §(¢) = 0, then lim, ,, p(t) = 0 and
lim, ... ¢ (t) =0, being 1 the orientation error of the wheelchair, defined as
V=07 —1.

It is worth noting that the desired velocity reference vp(sp, h) of the wheelchair
during the tracking path could not be constant, as it is common in the litera-

ture, 1+310:14-16

UP(SD’h) :f(k’ SD,p(t)’w(t)v"')v (16)

the wheelchair’s desired velocity can be expressed as: constant function, curvilinear
abscissa function of the path, position error function, angular velocities function of
the wheelchair; and many others.

Remark 1. Notice that the positioning problem is a particular case of path-
following, for which vp(sp, h) = 0.
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3.1. Structure of the controller

The structure of the controller here proposed for the path following and positioning
problems, shown in Fig. 5, the design of the controller is based mainly on two
cascaded subsystems: (1) Kinematic controller where the control errors p(t) and t)(t)
may be calculated at every measurement time and used to drive the mobile robot in a
direction which decreases the errors; and (2) Dynamic compensation controller,
whose main objective is to compensate the dynamics of the human—wheelchair
system, thus reducing the velocity tracking error.

; Lateral left Central left Central right ~ Lateral right 4 Near Away
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
00 20 40 6‘0 80 100 1é0 140 160 1{‘50 00 2 4 6 é 1‘0

Relative position angle (degree)

(a) Relative position (degrees).

Distance between human and robot (meters)

(b) Relative distance (meters).

Approach Slow Fast
0.8
0.6
0.4
0.2
0 20 4‘0 60 80 100 120 140 160 150 00 0.5 1 1.5 2

Human direction from the "keep—off" direction (degree)

(c) Relative Orientation (degrees).

Fig. 4.

High left

Left

Keep direction

Approaching velocity between human—robot (meters/second)

(d) Relative velocity (m/s).

Membership functions of the fuzzy inputs.

Right High right

-1 -0.5

0 0.5 1

Behaviour factor 1(t)

Fig. 5.

Membership functions of the fuzzy output.
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3.1.1. Kinematic controller

The proposed kinematic controller is based on the kinematic model of the wheelchair
(12), i.e., h = J(¢)v. Hence, following control law is proposed,

=Gl )

ip = |vp|cos(fr), and §p = |vp|sin(fr), (18)

with,

where u, and w, are the velocities outputs of the kinematic controller, vp is the
reference velocity input of the wheelchair for the controller, ©p is the projection of vp
in the X direction, ¢p is the projection of vp in the Y direction, J ! is the matrix of
inverse kinematics for the wheelchair, and p, and p, are the position error in the X
and ) direction, respectively, respect to the inertial frame R(X,), £). In order to
include an analytic saturation of velocities in the wheelchair, the tanh(.) function is
included, which limits the errors p, and p,. Hence, it is defined as,

P, = I, tanh (%ﬁ), and p, = [, tanh <% g]) (19)
T Y
where k,, k,, [, and [, are positive design constants that weigh the control error and
avoid actuators saturation. Now, the behavior of the control position error of the
wheelchair is analyzed by assuming -by now- perfect velocity tracking, i.e., u(t) =
u,(t) and w(t) = w.(t). In this manner, by substituting Egs. (13) in (17), the closed-
loop response of the external loop is expressed by

k
] ] lﬂanh(—%)
T| |Zp n L,
Ll] - |:ij| ky N |
l,tanh | —= 5
Ly

The analysis of the stability of the closed-loop system considers the following rela-
tions from Fig. 2,

(20)

Z=—psin(fr), and §=pcos(fyp). (21)
Furthermore,
p=—isin(0r)+ ycos(fr). (22)
If p = —p, then its time derivative is,
p=—p (23)

and substituting Eq. (22) in Eq. (23), it results,

p = isin(@r) — jcos(fr), (24)
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On the other hand, introducing Eqgs. (18) and (20) in Eq. (24), one gets

. k k,
p = l,tanh <l_y i) sin(f7) — I, tanh (l—y Q) cos(07), (25)

z Y

Finally, the behavior of p for the closed-loop system is obtained by substituting
Eq. (21) into Eq. (25), which is written as,

: k
p = I, tanh <p~% sin(GT)) sin(67) — I, tanh (ﬁl—y COS(GT)> cos(f7). (26)
y

T

Remark 2. From Eq. (26), it can be concluded that such a system has only one
equilibrium point, which is p = 0.

For the stability analysis, the following Lyapunov candidate function is considered
Vip) = %/32 > 0. Its time derivative on the trajectories of the system is V(p) = pp, a
sufficient condition for the stability of the equilibrium of the close-loop system is that
V( p) is a negative-definite function. Then, introducing the closed-loop system of the
Eq. (26) in V(p), results

V(p) = pl, tanh <_ﬁ]l% sin(GT)) sin(67) — pl, tanh <ﬁ]l€y cos(6‘T)> cos(f7), (27)
© y

where V(ﬁ) < 0, and in consequence, the stability of the closed-loop system is
guaranteed if the gain constants of the controller that weigh the control error are also
positive, i.e., [, > 0, k, > 0, [, > 0 and k, > 0. Hence, from Eq. (27), it is concluded
that lim; . () — 0, ie., Z(t) = 0 and H(t) — 0 with ¢ — co asymptotically.
Therefore, from Eq. (20), it can be concluded that the final velocity of the point of
interest will be V' = |vp(sp, h)|£07. Hence, 1/?(15) — 0 for ¢ — oo asymptotically.

Remark 3. Notice that for positioning tasks, i.e., vp(sp, h) = 0, when the human—
wheelchair system reaches the target point it stays in that position
(but, without the control of its final orientation).

3.1.2. Dynamic compensation controller

If the condition of perfect velocity tracking in the kinematic controller design is not
considered, then u(t) # u.(t) and w(t) # w,(t). This velocity tracking error moti-
vates the design of a dynamic compensation controller. The objective of this con-
troller is to compensate the dynamic of the human and of the wheelchair, thus
reducing the velocity tracking error. In this manner, a control law based on the
dynamic model of Eq. (11) is proposed,

] =na([G] [ ]) +ele] -
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with,
o, = I, tanh (% ﬂ), and o, =[,tanh <%Jj>7

U W

where u(t) = u.(t) — u(t), and &(¢) = w,(t) —w(t) are the linear and angular
velocity errors, respectively; [, >0, k, >0, [, >0 and k, > 0 are positive gain
constants that weigh the control error. By substituting Eq. (28) in Eq. (11), the
closed-loop response of the system is expressed as,

. . l, tanh (ﬂ ﬂ)
N K
[, tanh <l°’w)

Following with this, a Lyapunov candidate function and its time derivative on

(29)

the system trajectories are introduced in order to consider the corresponding
stability analysis V(@,@) =3 (a%+ ©2) > 0; the time derivative of the Lyapunov

candidate function is,

V(t,o) = i+ oo, (30)
After introducing the derivative of Eq. (29) in Eq. (30), the time derivative V(,&)
is now

. k k
V(i,®) = —iil, tanh <l— u> — &I, tanh <l—“’w) <0, (31)
In this way, from Eq. (31), it is concluded that @(¢) — 0 and @(¢) — 0 with ¢ — oo
asymptotically.

4. Pedestrian Collision Avoidance Based on Fuzzy Logic

Human locomotion in public spaces requires strategies to avoid collision with other
pedestrians. In the bibliography, crowd modelers refer to these pedestrians as
interferers. To avoid these individuals, humans modulate their direction, velocity or
both of them. Currently, the literature is not conclusive of how humans adjust these
two parameters in the presence of an interferer. This fact impedes the development of
mathematical models which describe the human locomotion behavior during the
interferers avoidance. Consequently, it results in difficulty to make a mobile robot
able to emulate this human locomotion behavior.*

Our approach take advantage of the close relationship between the shape of
the human gait paths in goal-directed movements and the simplified kinematic
model of a wheeled mobile robot.*® Under this assumption, the problem is only
focused in the social rules to define a human locomotion behavior, that allows to
make a balance between modulating velocity or/and direction. This locomotion
behavior is only related to the decision during the locomotion, not to the motion
dynamics itself.
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In the following sections, a fuzzy logic approach is used to incorporate social rules
for pedestrian collision avoidance in a suitable and adjustable way. To show its
performance, the context of a path following control problem is considered.

4.1. Quantification of human locomotion behavior during evasion
4.1.1. Fuzzy behavior rules

This section describes the quantification of social rules through fuzzy rules, obtained
in a heuristic way, to determine a human locomotion behavior. The output of these
behaviors are fused to determine the tendency to two opposite behaviors, passing
(prioritizing change of direction) and crossing (prioritizing change of velocity), which
is later defuzzified to weigh the path adaptation in terms of velocity, direction, or
both of them, thus guaranteeing a human—friendly evasion.

A first step consists in defining the inputs. For this, four variables have been
considered (see Figs. 3 and 4):

e Relative position: consists of four frontal and lateral zones from the human-—
wheelchair system point of view. These zones were inspired on the peripheral vision
of the human eye, which is a part of vision that occurs outside the very center of
gaze.

e Relative orientation: consists of four different expected behaviors of the human
obstacle relative to the human—wheelchair system, which are related with his
predisposition to pass, keep off or cross the human—wheelchair system path, and
even when the human wants to approach himself to the human—wheelchair system
and generate direct interaction. Even though the estimation of human intention to
interact is an interesting issue, it has not been considered in the present work.

e Relative distance: related with the relative distance between the human and the
human—wheelchair system.

e Relative wvelocity: the approaching velocity between a human and the
human—wheelchair system.

As unique output, a behavior factor with five possible states is considered: high
left, left, right and high right deviation, which will guarantee a soft or strong
direction change, and one more named keep direction, which usually prioritizes a
velocity modulation to guarantee the evasion (see used membership functions
in Fig. 5).

Passing Behavior Rules

A passing behavior can be usually found in corridor scenarios, where a frontal en-
counter is expected and it must be guaranteed the free walking space of each indi-
vidual. In this manner, it is expected that the human—wheelchair system tends to
adapt his path in terms of a direction change, moving away of the human gait. For
this purpose, the first four fuzzy rules were designed (see Table 2).
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Crossing Behavior Rules

The crossing behavior is usually found in the intersection of paths or corridors, where
a nonverbal negotiation is developed to define: who waits and who passes through.
In this case, the human—wheelchair system is always playing a passive role (by
security reasons). As a result, the next eight fuzzy rules (5-12) have been designed to
weigh the adaptation of the path as a combination of direction and velocity change.
For this, the relative velocity and distance are also taken into account to generate
a motion of passing behind the human.

The last two rules are defined considering another two human behaviors: human
moving away and approaching him\herself to the human-wheelchair system.
In these cases, a keep direction effect is expected. In the first one, the social force is
possibly near or equal to zero, but in the second one, a velocity adaptation is gen-
erated to guarantee a passive interaction mode.

4.1.2. Social zone for human obstacle

If the pose of the human is (x3,6},), then the social zone of the human is defined as

xe(ge) ma Cos(ee)
x,.(0,) = =x,+R
00 L,e(ae) ] ot l m, sin(6),) ]
cosf;, —sinb,, ]

being R =
sinf, cosb,

that represents the positions of the points on the personal space of the human
(an ellipse rotated by R and with center in x;), distributed by angle, 6, (varying from
0-27). m; and m, are the minor and major axes, respectively. This shape of the
human social zone is commonly found in the bibliography.

4.1.3. Social force model

In a shared environment, social forces of objects or the other humans are present.
In this way, a human tends to adapt his/her direction or velocity according to these
disturbances, which have been traditionally modeled as repulsive forces. A novel
composition of this force to react in a social fashion is proposed, where the predis-
position between the aforementioned two opposite behaviors, i.e., passing or cross-
ing, is given by a defuzzified fuzzy logic output that allows to weigh two forces, which
characterize a compound behavior. These force components act over the human—
wheelchair system velocity and over the shape of the path, allowing to avoid in a
social and reliable fashion the individual. Therefore, the resulting social forces are
modeled as follows:
The magnitude of the repulsive social force is defined as®*:

—aet d(t) >0
féocial(w = ’ T
0, d(t) <0
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where a and b are positive constants representing the magnitude and the range of
the social force, and,

d(t) = Tiobot 1 rhuman(t) - dh/r(t)a
Trobot = Radius of the circular social zone of the robot,
dh/r(t) = er - XhHQa Thuman(t) = ||X6(96) - Xh||27

where (x},,0;) and (x,, 6,.) are the pose of the human and the wheelchair respectively,
and, x,(0,) is a point on the elliptical social zone of the human in the direction 4, of
the human—wheelchair system.

Then, the social forces are defined as:

fu(t) = (1 - |T(t)|)]gncial(t)vv(t)a (32)
fN(t) = T(t)f;ocial(t)VNv (33)

where vy and v, are the normal direction to the path (see Fig. 6) and the human—
wheelchair system velocity direction, respectively. Additionally, 7(¢) is the defuzzi-
fied output variable (normalized between [-1, 1]), which determines the dominant
behavior factor according to the social fuzzy rules (see Fig. 5). The defuzzification
process is based on a Mamdani-type fuzzy inference system given by the Fuzzy Logic
Toolbox™ of Matlab®, which calculates 7(t) in each sample time.

Hereby, the system robot /path is modified according to its predominant behavior.
Therefore, if the desired location Py = (zp(sp), yp(sp)) is defined as the closest point
on P(s), then P, is modified by the social force during evasion as follows:

*

Py=P;+ AP, = (Cﬁp), with, APy = kyfy,

*

Yp

where ky(t) in [m/N] is a physical constant that weighs the relation between social
force and path adaptation. Additionally, a simple filtering process is used to guar-
antee the smoothness of the path change. It consists in averaging the neighbor points

Ao) = ko [IE0)} o)

Fig. 6. Social force effect.
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of P, on the path with the resulting P and using this value to define the new path
and calculate the control errors with (19).
In this way, the kinematic controller proposed in Eq. (17) results to be modified

as f()ll()ws.
¢ * ( .k * > ? (3 1)
W c yP /( Yy

p = |vp + Avp|cos(07), and §p = |vp + Avp|sin(67),

with,

where Avp = —k||f,|| < vp, and k,(t)[m/(s.N)] is a physical constant that weighs
the relation between the social force versus the velocity change. Additionally, the
control errors are calculated through the following equations

* kT ~ % * ky ~ %
py=lLtanh (2% ), and p,=I[tanh|{-=7"],
L l
where 2* = zp — z, §* = yp — y, are the errors in the X and ) direction respectively,
and consequently the desired orientation over the path is also modified and defined as
0%. Note that the dynamic compensation, proposed in Sec. 3.1.2, must consider
the modified kinematic references, i.e., u, ~ u; and w, ~ w}. In this manner, the
path-following over the free-collisions path is guaranteed.

5. Experimental Results
5.1. Experimental setup

With the purpose to obtain experimental results with human obstacles during
the path-following, a structured scenario with a ceiling camera is considered. The
algorithm consists in capturing a color image each sample time ¢, = 0.1s (according
to computing speed ¢, > 0.03s), where the posture of each individual, i.e., the human
on the wheelchair and the human obstacle is characterized with the position of two
color markers on their heads, which are different for each individual. For the purpose
of this work, a sensory-system mounted in the robotic wheelchair, to detect and to
track humans has been not considered necessary; however, future implementations
could require extra sensory capacity, which has not been the focus of this study.
Kinect cameras, Lidar and sensor fusion techniques could be useful to develop a
final implementation of the prototype.

5.1.1. Robotic Wheelchair prototype

In this work, it is used a robotic wheelchair, which has been developed at the
Technical University Ambato (see Fig. 7). The wheelchair has two independently
driven wheels by two direct current motors (in the center part), and four caster
wheel around the central axis conferring greater stability to the human—wheelchair
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POWER
CIRCUIT CONTROL
CIRCUIT
BOARD
SERIAL
COMMUNICATION
FUSE BUS
BLOCK (TO ON-BOARD PC)

Fig. 7. Autonomous robotic wheelchair.

system (two in the rear part and two in the front part). Encoders installed on
each one of the motor shafts allow knowing the relative position and orientation of
the wheelchair.

Information provided by the encoders is used by the PID controllers responsible
for getting an independent velocity control of the left and the right wheel. The
hardware architecture of the robotic wheelchair consists of: (i) a commercial powered
wheelchair from which only the mechanical structure and motors are used; the power
card and joystick were discarded; (ii) two encoders directly connected to the motors;
(iii) a microcontroller where the low-level velocity controller is implemented; (iv) a
power card that amplifies PWM signals obtained from the microcontroller and sends
them to the motors; (v) a computer where the high-level control algorithms and
signal processing of the human—machine interface are implemented. The high-level
controller is implemented under the Windows operating system using Microsoft
Visual C++. The block diagram of the low-level velocity controller is shown in Fig. 8.

In this section, several experiments were executed to show the performance of the
proposed controller and dynamic modeling of the human—machine system. These
experiments are based on the wheelchair presented in Fig. 7.

The experimental platform uses a Labview HMI, which allows to capture and save
experimental data and to send commands to the robotic wheelchair (see Fig. 9).

5.2. Identification and validation of the proposed model

Using this interface, the identification and validation procedures are done over
the proposed model. For this, experimental data for identification and validation
procedures is shown in Figs. 10 and 11 respectively, where it can be seen the good
performance of the obtained dynamic model. The identification of the human—
wheelchair system was performed by using least squares estimation applied
to a filtered regression model.***> The identified of dynamic parameters of
the human-wheelchair system with a human of 73 [kg] are: x; = 0.4903,
x2 = 0.2112, x3 = —0.0011, x4 = 1.0203, x5 = 0.0346, xs = 0.9766, x; = —0.0016
and yg = —0.1001.
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Fig. 8. Mechatronics architecture of the robotic wheelchair.

5.3. Path-following control

Three interference scenarios are considered, which validate the performance of the
proposed algorithm. The parameters are adjusted as shown in Table 3. These values
were selected by considering proxemic criteria and experimental values found in the

PRESENTACION | ENCERADO | IDENTIFICACION | VALIDACION

SIMULACION
PARAMETROS CONSTANTES | conTROL | RESULTADOS

DESEADOS DE GANANCIA

xd|o ku| o
yd|o kw| 0 GENERAR
adfo— LK o

§

B e e e e )
0255 7510

Graficas de Simulacién

Fig. 9. Human-machine interface developed for the analysis of the model and the performance of the

controller proposed.
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Fig. 10. Identification data for the proposed dynamic model. The solid lines represent the experimental

velocities of the human—wheelchair system, and the dashed lines are the velocity references given to the
robotic wheelchair.

(m/s]

[rad/s]

Fig. 11. Validation data of the proposed dynamic model. The dashed lines represent the proposed
dynamic model signals and the solid lines are the experimental velocities of the human-wheelchair system.

Table 3. Parameters used during the experiments.
Parameters
Path-following control l,=0.5 k, =0.5
l,=05 k,=05
Ficticious force a=1 b=1
Evasion effects ky =5 k,=0.1
Social zone of the human obstacle m, =1 m; = 0.6
Security zone of the human-wheelchair system  r=0.3
Dynamic compensation =1 k,=0.25
l,=2 k,=0.3
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bibliography.?¢*” However, all of them must be adjusted under the criteria of the
designer, and by using trial-and-error process until getting the best performance of
the algorithm. For these three cases, it is considered a linear path on the X-axis, i.e.,
y =0, and defined between z € [—1,2]. The human obstacles move without a pre-
viously marked path.

5.4. Experiment 1: Interference in 0°

This first experiment considers an interference case in 0°, commonly denominated
passing, which is usual in corridors.

In this case, the expected behavior is given by a modulation of direction of the
wheelchair during the evasion, and in some cases, it could result necessary to mod-
ulate slightly the longitudinal velocity.

In Fig. 12, it is shown the trajectory of the human—wheelchair system and the
human obstacle. Note that, the wheelchair-system avoids the human with a strong
change of direction during the evasion. At ¢ = 3, the robotic wheelchair starts the
avoidance by turning left and reducing weakly the linear velocity, which is evident in
t = 6s. Later, approximately at ¢ =9s, the convergence of the wheelchair into
the path shows the good performance of the path-following control. Due to the fact
that the path is defined in y = 0,2 € [-1,2], i.e., on the X-axis, in consequence
07 =0 at least during noncollision cases and the orientation error results to be
6 = —1). Therefore, the convergence errors to the path and orientation of the human—
wheelchair system are shown in Fig. 13.

The collision avoidance behavior is efficiently quantified with the behavior factor
7, which is generated with the proposed inference system. The effects of the social
evasion over the wheelchair/path are shown in Fig. 14.

Note that the behavior factor has values close to one during the evasion. This
effect shows the system priorities to modulate the direction over the velocity.

— Human
_— obstacle

Human
wheelchair

system B
0 7///'&///:/3 s.
e
[m]

Fig. 12. Trajectory of the human—wheelchair system and the human obstacle.
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Fig. 13. Trajectory and orientation of the human—wheelchair system.
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Fig. 14. Defuzzified behavior factor and effects over the system.

Finally, the measured linear and angular velocities of the wheelchair (dashed
lines), and the control actions (solid lines) given to the system are shown in Fig. 15.
There are some strong direction changes during the evasion and short periods of
velocity changes, which attend to the desired behavior.

5.5. Experiment 2: Interference in 45°

In this second experiment, a 45° interference is considered, which is usual in inter-
sections of paths. In this case, the expected behavior considers to prioritize velocity
modulation during the evasion, and if possible, the human wheelchair system moves
behind the human obstacle, i.e., robot waits and passes behind him/her.

In Fig. 16, the trajectory of the human—wheelchair system and the human
obstacle during the evasion are presented, where the good performance of the
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Fig. 15. Robotic wheelchair velocities (dashed lines) and control actions (solid lines).

path-following control is also verified. Due to the path is defined in y = 0, z € [—1, 2],
i.e., on the X-axis, in consequence 67 = 0 at least during noncollision cases and the
orientation error results to be 6 = —1). Note that, the wheelchair-system avoids the
human with a strong change of velocity during the evasion. At ¢ = 4s, the robotic
wheelchair is reducing its velocity and a weakly change of direction to move behind
the human is produced at approximately ¢ = 6s, the convergence of the wheelchair
into the path shows the good performance of the path-following control. Therefore,
the convergence errors to the path and the orientation of the wheelchair system are
shown in Fig. 17.

This behavior is quantified through the defuzzified behavior factor 7 and the
social evasion effects over the robot/path system are shown in Fig. 18.

Note that the behavior factor has values close to zero during the evasion. This
effect shows that the system prioritizes to modulate velocity over direction.

Human
R obstacle

Human
wheelchair
system

Fig. 16. Trajectory of the human—wheelchair system and the human obstacle.
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Fig. 18. Defuzzified behavior factor and effects over the system.

Finally, the measured linear and angular velocities of the wheelchair
(dashed lines), and the control actions (solid lines) given to the system are shown in
Fig. 19 where it is shown a strong velocity modulation during the evasion.

5.6. Experiment 3: Interference in 90°

Finally, in this last experiment, a 90° interference is considered. This is commonly
denominated crossing situation, which is usually found in intersections of paths.

In this case, the desired behavior considers a velocity modulation and a direction
change during the evasion. A move behind the human obstacle could be necessary
when the conditions request it.

In Fig. 20, the trajectory of the robotic wheelchair and the human obstacle during
the evasion are presented. Note that, during this situation, the human—wheelchair
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Fig. 19. Robot velocities (dashed lines) and control actions (solid lines).

Human

wheelchair
system

Fig. 20. Trajectory of the human—wheelchair system and the human obstacle.

system turns left slightly to avoid the human, but the collision is mainly avoided with
a longitudinal velocity modulation. At ¢ = 2's, the robotic wheelchair is turning left
and starts a longitudinal velocity reduction. At ¢t = 4.5, the wheelchairs moves to
the path and the good performance of the path-following control is verified. Due to
the path is defined in y =0,z € [—1,2], i.e., on the X-axis, 7 = 0 at least during
noncollision cases and the orientation error results to be § = —1). Therefore, the
convergence errors to the path can be shown in Fig. 21.

This behavior is efficiently quantified through the behavior factor 7, which is
generated by the fuzzy-inference system and the effects over the system wheelchair/
path are shown in Fig. 22.
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Fig. 21. Trajectory and orientation of the human—wheelchair system.
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Fig. 22. Defuzzified behavior factor and effects over the system.
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Fig. 23. Robot velocities (dashed lines) and control actions (solid lines).
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Note that the behavior factor has values between 0 and 1 during the evasion, i.e.,
there is not a predominant effect in this case. In this way, the system modulates
velocity but also direction during the evasion by generating a motion of moving
behind the human obstacle.

Finally, the control actions given to the robotic wheelchair and its measured
velocities are shown in Fig. 23, where a balance between a slight velocity modulation
and a slight deviation is shown during the evasion of the human obstacle.

6. Discussion

The good performance of the approach has been verified through three experiments
with three different interference cases. At first, the good performance of the path-
following control algorithm with the experimental platform has shown that the robot
is capable of following the path while compensating all the dynamic effects because of
the human position changes into the wheelchair. Later, the results obtained with the
fuzzy logic methodology for human evasion demonstrate that the system has been
able to make difference between the different interference situations; and the selec-
tion of its corresponding collision avoidance strategy has been chosen as expected.
During all the cases, a successfully human-collision avoidance and a good perfor-
mance of the path following control was tested. Note that, the good performance of
the path-following control is crucial to guarantee the good performance of the pe-
destrian collision evasion.

7. Conclusions

In this paper, the modeling and control of the human—wheelchair system by con-
sidering lateral deviations of the center of mass was proposed. This approach con-
siders velocity commands as control signals of the system. The proposed controller
resolves the path following problem control for a robotic wheelchair, which is also
capable of positioning the human—wheelchair system. The design of controller is
based on two cascaded subsystems: a kinematic controller which complies with the
task objective (path following and positioning), and a dynamic controller that
compensates the dynamics of the human—wheelchair system. Additionally, a fuzzy-
based quantification of social rules in pedestrian collision avoidance scenarios is
included. It allows the identification of different behaviors, i.e., adjustments of
wheelchair velocity or path when avoiding collisions with humans. For this reason, a
social force composition and its incorporation in the aforementioned path-following
scenario is presented. Finally, the stability of the control system is proved by con-
sidering the Lyapunov’s method, and the performance of the proposed controller is
shown through real experiments. Future works will be focused on considering the
compensation of other dynamic problems in the navigation of the human—wheelchair
system, like slipping in sloping and greasy surfaces as well as unexpected rugged

1850010-28



Modeling and Path-Following Conitrol of a Wheelchair in Human-Shared Environments

terrain. Additionally, further modifications will be oriented to overcome crowds

dynamics, which usually result a key challenge during human-robot interaction re-
garding to the scalability during pedestrians collision avoidance.
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