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Abstract This paper presents a switched control strat-
egy to interpret and design a human-robot bilateral
interaction when a human follows a non-holonomic
mobile robot at a desired distance while the robot
is already following a known path. Furthermore, it
proposes and experimentally validates a model that
mathematically describes the human behavior when
performing the specific task of tracking a mobile
robot. This model is useful for the purposes of the
control system design and its associated stability anal-
ysis. A switched system is proposed to model the
complete human-robot behavior. The switching strat-
egy is based on the human-robot relative position and
on the human intention to follow the robot. Control
errors are defined in terms of human to robot and robot
to path instantaneous distances. Stability analyses for
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the individual controllers, as well as for the com-
plete switching system, are provided by considering
Lyapunov theory. Real human-robot interaction exper-
iments show the good performance of the proposed
control strategy.

Keywords Human-robot interaction - Bilateral
interaction - Mobile robots - Lyapunov stability

1 Introduction

In recent years intensive work has been made with
the aim of providing mobile robots the ability to
move and interact with a high degree of autonomy in
unstructured environments. In current robotic applica-
tions, these environments not only involve objects and
other robots, but also raise awareness of the need to
interact with humans. The usage of robots in human
environments for service, people assistance, house-
work, etc., where the robots have to interact with
humans, has been increasing in last years and it is
expected that such robots become more common in
the near future. Today, the challenge is to find safe
interactions between robots and humans, where the
robot interacts in a friendly and safe way with the
human with or without physical contact. This lat-
ter approach is of interest in this work; where the
robot can interpret human behavior and the person
participates actively with the robot, through bilateral
interactions. Human-robot interaction is said to be
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bilateral when, during the task, both the behavior of
the human can be changed by robot actions as well as
the behavior of the robot can be changed by human
decisions. Bilateral interactions are very important, for
example, to guide people, where the robot should not
only guide the person through an environment but also
to interpret a certain level of human behavior, such
as: difficulty walking (elderly or disabled persons),
to interpret if the human wants to continue or not
with the tour, the desired position of the human in the
interaction, etc.

Some researchers have addressed these topics. Pub-
lished papers considering this problem are, as e.g. the
people tracking case presented in [1] and the moni-
toring of people in [2, 3]. In these cases, the human
is the leader and the interaction is unilateral, the
human is the only decision maker. An approach to
locally optimize the work of cooperative robots and
get the minimum displacement of human beings on
a mission to guide people is also presented in [4].
This paper assumes the existence of a drag force that
attracts the people behind the robot and the only goal
of the leader robot is to reach the next point of the
task. Whereas in [5] harmonic rules are proposed to
ensure a smooth, safe navigation in a human-robot
system. In this same paper, it is analyzed the inter-
action in such a way that people are considered as
moving obstacles. There are also other proposals, for
instance, the one in [6], where a guide robot moves
around exhibitions guiding visitors. References [7, 8]
report robots which are able to provide information to
the user, the interaction with human is through facial
expressions, gestures and body language. On the other
hand, the increase in human-robot relations justifies
the importance of studying the human behaviors in the
robot-human interaction. Some research works con-
sider this problem. One of the first projects related
to modeling human behavior was done in [9], which
describes quasi-linear analytical models for a human
pilot. In [10] proposals have been offered to differ-
entiate normal and suspicious behavior based on the
trajectories described by humans. In [11] it is obtained
a specific model for the gait of each person based
on fuzzy finite state machines that can help in the
diagnosis of walking disorders. In [12] it is derived
a model for the personal gait of individuals based on
neural networks. Furthermore, in [13] it is presented
a differential system which accurately describes the
geometry of locomotive trajectories of humans with
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non-holonomic constraint in the absence of obstacles.
In [14] it is proposed a stable control scheme for bilat-
eral teleoperation of mobile robots in the presence of
obstacles with an approximated model of the human
operator. In [15] a model that reproduces the move-
ments of leg, foot and ankle during the human walking
was proposed, taking into account the human anthro-
pomorphic limitations. This work was subsequently
extended to hands and thorax [16]. It therefore remains
clear that modeling the human behavior is an area of
current research within human-robot interaction.

This work proposes a switched control strategy for
human-robot interaction in the task of a mobile robot
guiding a human being along a desired path. Guiding
a person at a desired distance is solved using bilateral
interaction. The human-robot interaction considered
in this work is said to be bilateral because the robot not
only follows the desired path but also it has to inter-
pret human intentions in order to modify its behavior
during the task. In fact, the human may want to con-
tinue or not with the tour, or want to change his relative
position while performing the task, either alongside
or behind the robot. On the other hand, the human
not only follows the robot but also he can make sev-
eral decisions that affect the interaction. The major
contributions of this paper are not only the proposal
of novel robot controllers but also the model of the
human behavior when executing the task. Moreover,
the stability proof for all controllers and the stability
proof of the complete switched system are also pre-
sented. Finally, the good performance of the proposed
system is shown through experimental results.

The work is organized as follows. Section II
describes the system and it presents the problem state-
ment. Section III presents the control system design
and the stability proof based on the Lyapunov the-
ory. Section IV describes the full switching system.
Section V presents and comments the experimental
results. Finally, Section VI establishes the conclusions
of the work.

2 System Description
2.1 Problem Statement
A novel control strategy is proposed for the bilat-

eral interaction between a human being and a mobile
robot. This control strategy makes the robot able to
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guide a human while it follows a specified path. It is
expected human and robot to maintain a desired dis-
tance between them, defined sometimes by the robot
and sometimes by the human. This proposal includes
the control laws needed to regulate the relative dis-
tance between the human and the robot. To accomplish
this task, a path following control algorithm for the
robot is firstly implemented, and secondly several con-
trol laws are proposed to control the robot-human
distance. In the design of the control strategy, an inter-
action free zone and an interaction zone are defined
by considering a minimum distance p;,;, and a max-
imum distance p,,x around the robot. Additionally,
Fig. 1a shows two different zones defined within the
interaction zone: Zone I (interaction) when the human
is located behind the robot, Zone 2 (interaction) when
the human is located beside the robot, whereas a
Safety zone (zone free of interaction) prevents physi-
cal contact between the robot and the human and it is
bounded by 0,,i,,. When the human enters the interac-
tion zone (Zone 1 or Zone 2), the robot must achieve
two joint objectives: to follow the specified path
and to maintain a desired distance from the human.
The only way for the robot to achieve both goals
is by controlling the speed at which it travels over
the path.

During the interaction task, the robot has to be able
to interpret some human intentions:

i) If the human wants to interact with the robot
or if he wants to leave the task. The robot will
interpret that the human wants to follow it if
he is inside the interaction zone and if the rel-
ative orientation between them is in the interval

ZONE2

HUMAN
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(—m/2, m/2), according to the natural walking of
human beings. On the other hand, the robot will
interpret that the human wants to leave the task if
he is outside the interaction zone or if the relative
orientation between them is outside the interval
(—m/2,7/2).

ii) If the person wants to change the interaction zone
(back<>beside). This human intention is detected
based on the location of the human, i.e., if the
human is inside Zone I then the robot will inter-
pret that he wants to follow it from behind, and
if the human is inside Zone 2 then the robot will
interpret that he wants to follow the robot beside
1t.

iii) The speed at which the human wants to fol-
low the robot. It is expected that the robot has
the ability of guide a person while keeping the
desired relative distance but navigating at the
human desired speed.

Additionally, the robot has to be able to decide who
(human or robot) is the responsible of regulate de rel-
ative distance between the human and the robot. For
this purpose interaction sub-zones are defined, where
the goal is that the human remains at the desired dis-
tance (dash line). Figure 1b shows that Zone I is
divided in two: Zone 1 H where the human controls the
interaction; and in the Zone IR where the interaction
is controlled by the robot (only in special cases, when
the human speed is outside of the robot velocity lim-
its, the interaction is controlled by the human as will
be explained later). Similarly, Fig. 1c shows that Zone
2 is divided in two: Zone 2H where the human con-
trols the interaction and Zone 2R where the interaction

HUMAN
CONTROLLER

CONTROLLER ZONE 2H
ZONE1 ZONE 1H
SAFETY DESIRED
ZONE FRONTAL POSITION OF
ZONE ROBOT THE HUMAN
CONTROLLER
ZONE 1R
ROBOT
ZONE2 CONTROLLER
ZONE 2R
(a) (b) (c)

Fig. 1 a Robot-human system interaction zones b Robot-human system interaction zone 1 ¢ Robot-human system interaction zone 2
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is controlled by the robot (only in special cases, when
the human speed is outside of the robot velocity lim-
its, the interaction is controlled by the human as will
be explained later).

3 Controllers Design

This section presents the design and stability analysis
of the controllers that regulate the robot navigation in
the different situations of the interaction task. These
controllers will be later included in a switched control
structure. It is also addressed in this section the human
behavior modeling during the interaction task. With
this aim, variation laws for the human angular and lin-
ear velocities (called human controller in this work)
are proposed, considering that the natural human loco-
motion can be described as a non-holonomic kine-
matics [13, 18]. Then, a parametric identification and
validation process is carried out for the proposed
human controller with a set of 70 experiments per-
formed by 7 different persons, taking into account
the stereotyping and smoothness trajectories of people
reported in the literature [19, 20]. Then the proposed
human controller is simplified under some reason-
able assumptions and validated again with the aim of
performing the stability analysis of the system. It is
important to note that, even when the human is obvi-
ously stable, a formal stability analysis of the human
controller is important since it will be later included
in the complete switched control system. Therefore,
the stability properties of the human controller will be
used in the stability analysis of the complete switched
control system.

3.1 Path Following Controller for the Mobile Robot

The control objectives for the robot to follow a known
{@D} = 0, where: ¥ = g, — ¥q and
ii): {d} = 0. This controller has been proposed and
validated previously in [17], being defined by:

path are: i)

URc — ‘171 Va €08 Y4 + ksqrxtanh (kx)zR/kxutx) (1
WRc ! Vg sin Wd + ksatytanh (k)&R/kxuty) )

Figure 2 shows the involved variables of the path
following controller, where: J; is the Jacobian of the
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robot defined in [17]; Xg = x4 —xgand yr = yg — YR
are position errors; P is the set of points which define
the desired path; P; = (x4, y4) is the point on the path
which is closer to the robot; d is the distance between
the robot and Py;; vg. and wg. are the robot con-
trol actions of the lineal velocity and angular velocity
respectively; {¥g, is the orientation of the robot on the
path; and ¥4 is the desired orientation of the robot
on the path defined by the tangent line to the path at
Py; vq is the desired velocity for the path following
task. The errors are proved to converge xg — 0 and
yr — 0 asymptotically [17].

It is important to highlight that v, is a free variable
which can be considered both fixed and variable with-
out affecting the control objective. Therefore, it will be
used to regulate the robot-human distance by design-
ing different control laws for this velocity, according
to the human intentions.

3.2 Robot Distance Controller (Human into Zone 1R)

This section considers that the human is into Zone
IR and he has the intention to follow the robot from
behind. Therefore, the human-robot distance con-
troller is addressed by defining a variation law for
the velocity v; as a function of the relative pos-
ture between the human and the robot. As mentioned
before, this velocity is a free variable in the path fol-
lowing controller, therefore it can be used for this
second control objective, i.e., to achieve and to main-
tain the desired relative distance pg(t) between the
human and the visual approach (in this case the robot,
as Fig. 3 shows), to position the human at the desired
position (marked with a dashed line) specifically to
position the human over the target point (continuous
circle). Additionally, Fig. 3 shows the visual approach
(dashed circle), which is his visual reference when
walking behind the robot.

Figure 3 also shows the mobile robot and the human
along with the involved variables. Note that the rela-
tive distance error between them is p(t) = pz(t) —
p(1), being p(r) the distance error, p is the distance
between the robot and the human and p, () the desired
distance, which are projected on the reference line;
vy (t) and wpy (¢) are the linear and angular velocity
of the human; g(¢) is the robot orientation to the
reference line (Notice the difference between Vg (¢)
and ¥r, ); ¥y () is the human orientation with respect
to the line segment ,o(t).&H (t) = Yy (¢t) because
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7

Zone 1H

Fig. 2 Robot and the path Yo
in the reference O B
YR
Va
0

Yrq4 (t) = 0. This way, time derivative of distance
error p(t) is:

p = vy (1) cos Yy (t) — vr(1) coSYR (1) . )

Now, the control objective is that the relative dis-
tance between the robot and the human achieves the
desired value, i.e., p(t) = 0. With this aim, the
proposed control law is:

. vh (1) cos Yy (1) + ksarptanh (k,o/; (1) /ksatp)
d = 9

cos Yr (1)
3)

where kyq;, and k,, are positive constants.

Fig. 3 Human-Robot
reference system when the
human is located Zone 1R

XR Xa > Xo

Theorem 1 Let us consider the time evolution of
the relative distance error between the robot and the
human (2) and the proposed control law (3), and
assume that the human has the intention of interact
with the robot (human inside Zone IR and | Vg () | <
1w /2); and assume also perfect velocity tracking, i.e.
vr(t) = vg. Then, p (t) - 0 witht — o0.

Proof By considering the hypothesis of perfect veloc-

ity tracking, i.e. vr(f) = vy, (3) be substituted in Eq. 2
to obtain the following closed loop system:

(1) = —ksarptanh (kp5(1)/ Ksarp) -

Reference line

@ Target Point
> Visual Approach
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Now, for the stability analysis, the following Lya-
punov candidate function is proposedV = 50?2,
whose time derivative in system trajectories is:

V= 5(0)p(t) = —(0)ksarptanh (k, ® 5(6)/Ksarp) < 0.

Then, p (t) — 0 with t — oo.

Now, from (3), vg could take values below zero
making the robot going back on the path, or it could
also take values above a maximum velocity or below
a minimum velocity considered as a safe velocity.
These situations are undesirable, so it is imposed the
following condition on v :

0 < VRmin < Va < VRmax- 4)

Therefore, if condition (4) is not fulfilled, the respon-
sibility of controlling distance p falls on the human.
These situations are addressed in the following
sections.

3.3 Human Distance Controller (Human into Zone 1H)

This section addresses the human behavior modeling,
when it has the intention of interact with a mobile
robot in the specific considered task. This human
behavior will be modeled as two non-linear equations
which regulate the linear and angular velocities in the
human movements, i.e. a structure for the human con-
troller is proposed and then a parametric identification
is performed. It is important to remark that this work
does not consider the complexity of biomechanical
system modeling of the human body but it is based
on the observation of the human locomotion trajec-
tories geometry and both the position and orientation
of the human body along these trajectories. Impor-
tant conclusions are reported in the literature about
the stereotyping and smoothness trajectories [19, 20]
of the natural human gait supporting the assumption
of a non-holonomic behavior [13, 18]. Additionally,
taking into account the purposes of the proposed
human behavior model, it is considered that an ade-
quately validated model under mentioned assumptions
is suitable for this work. Finally, a stability analysis
of the proposed human controller is made based on
Lyapunov theory.
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In order to find a nonlinear kinematic controller that
models the human behavior, it is assumed that: i) the
person has the intention intends to follow the robot
at a desired known distance, ii) the human locomo-
tion is modeled including a non-holonomic constraint
[18, 19]: the human has no lateral movements, which
in fact corresponds to natural human walking. Now,
the goal is that the human controls the distance error
p and the orientation Yy (Fig. 4). The kinematics of
the interaction between the human and the robot is
defined by:

[511 (*) } |:VH(I)COS Yr(t) — vr(t) cos YR (1) i|

v () sin Y (1)+ VR (2) sin Yrr(r)
i 0] ™ | o)+ g

(6))

It is proposed that the human behaves as described
by:

VR(1) cos Yr(t)—kp ()
[ v (1) ] _ cos Yy (1) y
oy (1) —vu @) sinYy (D—vr()sinYre) koWy (1)

()
6

Equation 6 has a conceptual interpretation, it can
be seen that the controller reflects a human intuitive
behavior when following the robot by adjusting the
linear speed proportionally to the distance error and
adjusting its angular velocity proportionally to the ori-
entation error. Note that when {¥y = 7/2 the human
has no intention to follow the robot, for this reason this
situation is not considered in the analysis. Constants
k, and k,, act as controller gains and they must be
properly identify through a parametric identification
process. It is expected that constants k, and k., may
vary from one person to other person, this parame-
ters variation can be represented by Ady, and by Ady,
respectively. In order to get a more accurately repre-
sentation of the human behavior, it is considered the
reaction time 7 with r* = ¢t — 7. Taking into account
these parameters variation for each person and the
time delay 7, then (6) can be rewritten as:

v (%) COS]//R([*)flgp[;(T*)
[ vy (1) ] _ { cos Vi (%) }
wp (1) —uH(t)51n¢H(t;)(;§R(t*) sinyr(1*) IEwWH ")

(O]
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Fig. 4 Human-Robot
reference system when the
human is located Zone 1H

Reference line

a @ Target Point
N hLonedR R (> Visual Approach
Zone 1H
where lzp =k, + A(Skp and lgw = ky + Adg,. Sub- Now, for the angular variable ¥ :

stituting (7) in Eq. 5, the closed-loop equation for p is

obtained as: | | *
Vi (1) = ko (%) + v (1) (Sm‘”” (1)  sinyp (¢ )>

cos ¥y (f) p () p (%)
o) = _12,,,3 (t*) H — VR coS YR (1) Vg (t)sinyrg (1) vg (t*)sinyrg (%)
cos Y (1) - b0 pam
VR (%) cos Yrg (t*) cos Yy (1)
cos Y (%) Taking ¢ (1) = sinyy (t)/p() and (1) =
Defining « (1) = vgcoswg(r) and y (1) = vgr(t)sin Yg (t)/p(t) then:
cos 1), the following expression is obtained: . A
Vi ® 8P Vi (1) = —koVn (t*) +vi () [0 () — ¢ ()]
o " +[B@0) =B ()] )
L P y (& y (t
1) = —k,p (t* + t* —a(t
e h (") y(*) (oe () y(t%) o )> For the parametric identification of the human con-
(8) troller (6), 70 experiments were conducted with 7
! f []Real data ! ] M\ [ ]Real data
0.9 . . m— Theoretical curve 0.9} Z \ Theoretical curve
0.8} H 0.8+ - ] i
5 0.7} 5 07 / \
5 5 / \
2 o6} 2 o6 :
= s
% 0.5+ _‘g 0.5} ﬁ\ : ]
© 04 I \ © 04
£ £
S 03f & 03} . S S ]
= 0.2} —l ‘ = 0.2 / \
| / \
0.1+ » : — 0.1} \
0_/ ( ’ ‘ 0/ [ ( N

0 0.1 0.2 03 04 05 06 07 08 09 1 0 0.1 0.2 03 04 05 06 07 08 09 1

kp kw

Fig. 5 Verification of the normal distribution nature of the experimental data

@ Springer



80

different persons, 5 men and 2 women between 25 and
40 years old. It is important to remark that selected
persons have to be able to walk, and for the identi-
fication purposes they have to be able to walk at a
speed above 0.3m /s. Each person did 10 experiments
without any previous training in using the proposed
robotic system. Persons started from position (0,-2m),
and they were asked to follow the robot at a desired
distance of 1 meter, always oriented to the robot direc-
tion. No specific instructions were given to persons
about the walking speed. The robot started from posi-
tion (0,0) and traveled along a sinusoidal path with
amplitude 1.5m and frequency 0.03rad/s at a lineal
velocity of 0.3m/s. Human variables (distance, posi-
tion, orientation and linear velocity) were obtained
through a leg detection algorithm, an «-B-y filter
and a laser rage sensor. These variables were cal-
culated for each experiment with a sampling period
of ts = 0.1s. The parameters k, and ky,and values
Adg, and Ady, were identified by a recursive least
squares algorithm. On the other hand, the human reac-
tion time T was obtained from the analysis of the
experimental curves. It was verified that the dataset
of each identified parameter approximates a Gaussian
distribution (Fig. 5), therefore some specific statistical
tools were used to obtain the final values. The aver-
age values of the parameters for the 70 experi-
ments are: k,= 0.2307; k,= 0.3859; A(Skp = 0.051;

J Intell Robot Syst (2015) 77:73-93

Adg, = 0.115 and human average reaction time
T =009s

The resulting experimental curves and the pro-
posed human controller are shown in Fig. 6 (dis-
tance error) and Fig. 7 (orientation error). Figures. 6
and 7 show the variance in the human behav-
ior (solid lines) and the proposed human controller
(dash line) for the distance error o and the orien-
tation error Yy respectively. Figures. 6 and 7 show
that the human experimental curves correspond to
the proposed controller, thus validating equations 8
and 9.

Now, in order to simplify these expressions, it is
assumed a slow dynamics in the human behavior.
That is, the human does not produce abrupt changes
in position or orientation during the interaction task,
and then the following conditions are approximately
verified: [o (1) —a ()] = &4 [¢ (1) — ¢ (1%)] =
ep; [B(1) — BU] = e vy (1) y(*) = 1.
Here 464 and eg are very small values, therefore
Egs. 8 and 9 can be rewritten as:

12

[ p (o) }
Ya (1)

R _lgpﬁ (t*) + &q
—koYrm (%) +egvy (1) + &g
p(t

b0 x| —keh () 0
I:WH(t)i|_|:—kw1ﬁH(t*)i| (o

== == = Proposed controller
Experimental data

Fig. 6 Experimental 25
distances error (Humans)
and the proposed controller
£ 15}
S
(2]
=
(}] 1k
Q
Q
c
3
B osp
o
o+
-0.5
0
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Fig. 7 Experimental 2.
orientation error (Humans)

81

and the proposed controller
15+

== == = Proposed controller
Experimental data ,

Orientation error (rad)

1 1 1 ]

-1.5
0

With this simplification, the human controller is:

VR (1) cos Y (1) —kp (%)
|: vy (1) ] — cgst(t)p . R
wy (1) —VH(t)Smegzt—)VR(t)Slan(t) — kovrm @)
(11)

A comparison was made between the human exper-
imental curves and the errors evolution obtained with
both Egs. 8-9 and 10 to validate the simplified model
(11). In figures 8 and 9 the simplified controller was

Fig. 8 Experimental 25
distances error (standard
deviation) and the ones for
the proposed and simplified A+
controller
£ 5
S
o
=
(}] 1k
Q
(3]
c
©
® 05-
o
0+
-0.5

1
5 10 15 20 25 30 35

Time (s)

represented with a solid line for p and Yy respec-
tively. It becomes clear that the simplified controller
follows very closely the human behavior, thus validat-
ing the proposed controller in Eq. 11.

Once the proposed human controller is validated, it
follows its stability analysis.

Theorem 2 Let us consider the kinematic model of
the interaction between the human and the robot (5)
and the proposed simplified human controller (11),
and assume that the human has the intention of

---------- Experimental distances error
---------- Experimental distances error
m—— Simplified controller
== == = Proposed controller

10 15 20 25 30 35
Time(s)
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Fig. 9 Experimental
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orientation error (standard

deviation) and the ones for L
== == = Proposed controller

= Simplified controller

the proposed and simplified
controller

Experimental orientation error
Experimental distances error

Orientation error (rad)

interact with the robot (human inside Zone 1H and
Vg (1) < 7w/2). Then, p — Oandyyg — 0 with
t — oo.

Proof Substituting (11) in Eq. 5, the closed loop sys-
tem equation (10) is obtained. According to [22] a
system with delay can be expressed as:

Xi (1) = —aix; (1) = bjx; (t — 1) (12)

where a; and b; are system parameters. Comparing
(12) with Eq. 10, a; = 0, then the system is defined
by:

Xi (1) = =bixi (t — 1) (13)

Using a transformation according to [19], (13) can
be rewritten as:

—T

%i (1) = —bix; (t) + b? / xi (t +6)do (14)

—2t

where 0 represents an integration auxiliary variable.
Rewriting (10) as Eq. 14:

[ 1G] ]: —bip (O +b7 [ p+0)d0 |
Y (1) —byyu (1) + b3 [ Y (t +60)do

where by = (k, + Ady,) and by = (ko + Ady,,) are
parameters of the human previously identify. For the
stability analysis, the following Lyapunov candidate
function is proposed:

Vi1 (1) =5 (0)?/2V2 (2 (1) = Y (1)7/2. (16)

@ Springer
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Considering the i —th Lyapunov candidate function
and its time derivative in the trajectories of the system:

Vi (xi (1)) = x; () %; () (17)
Replacing (14) into Eq. 17:
. —T
Vi (xi(1) = —bixi (1)* + bjxi (1) / xi (1 +0)db
—27
(18)
Now, the following design condition is proposed:
Vi (xi (§)) < ¢ Vi (xi (1)) (19)

where V; is the i-th Lyapunov candidate function; x;
is the i-th state; and ¢; > 1. Considering V; (x; (1)) =
xi (1)?/2 and V; (x; (§)) = x; (§)*/2 in Eq. 19:

xi (§) < qixi (t) (20)

then:

/_r xi(t 4+ 60)d0 = x; (&) < 1qixi () 21
—27
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Replacing (21) in Eq. 18:
Vi (xi (1)) < —bixi (% (1 — thiqy) (22)

For the system to be asymptotically stable
(V, xi()) < 0) it should be met that: th; < 1/g;
(since b; > 0) Recalling that values obtained in the
parametric identification are by= 0.2307 £ 0.051,
b= 0.3859+0.115 and t = 0.9s then g1,,;, = 3.944
and gopin = 2.218 fulfilling the design condition
qi> 1. Therefore the human proposed controller gives
an asymptotically stable control system.

Note that even when the human is obviously stable,
this analysis finds relevance in the stability analysis
of the overall switched system, which involves the
control algorithms for the robot

3.4 Robot Distance Controller (Human into Zone 2R)

Note the difference between dy, and p,, where d, is
the distance between the robot and target point, and
Py is the distance between the human and target point,
dp 1s the distance between the human and the robot.
As stated in previous sections, the human can decide
the location to follow the robot. If he is inside Zone2R,
then the robot will interpret that the human wants
to follow the robot beside it. Figure 10 depicts this
situation. In this context, the robot is unable to reg-
ulate distance o, while it follows the desired path.
Therefore, the control objective for the robot, as well
as the path following objective, is that o, — 0.
The human will be in charge of regulating the value
of py and the target point can be located any value
between pmin < dy < Pmax. Once again, the robot
can regulate p, while following the desired path by
handling vy. It is important to note that in this case,
the visual focus point (dash line circle in Fig. 10) is in
front of the target point since the human follows the
robot beside it but looking forward, which is natural in
human gait. Now, by considering the time derivative
of py:

prx = VR — vz cos Y (23)
the following control law is proposed:
Vg = Vg cosyry — ksatLptanh (kLpﬁx/ksatLp) (24)

where vy is the robot velocity to achieve the con-
trol objective and where k41, and ky, are positive
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constants, defined taking into account the maximum
velocity of the robot.

Theorem 3 Let us consider the time evolution of
the relative distance error between the robot and
the human (23) and the proposed control law (24),
and assume that the human has the intention of
interact with the robot (human inside Zone 2R) and
assume also perfect velocity tracking, i.e. vg(t) = vg.
Then, py (t) — O witht — oo.

Proof By considering the hypothesis of perfect veloc-
ity tracking, i.e. vg(t) = vy, (24) can be substituted in
Eq. 23 to obtain the following closed loop system:

5}5 = _ksatLptanh (kLpﬁx/ksatLp) (25)

The following Lyapunov candidate function is pro-
posed V = /5)% /2, whose time derivative in system
trajectories is:

V= ﬁxléx = _ﬁxksatLptanh (kLpﬁx/ksatLp) < 0.

Thus pr — 0 asymptotically, meaning that control
objective is achieved. Therefore, it has been proved
that the robot is able to regulate the distance p, while
following the desired path.

Similar to Section IIL.B, if condition (4) is not ful-
filled, the responsibility of controlling distance py
falls on the human.

3.5 Human Distance Controller (Human into Zone 2H)

In this case, the human decides to follow the robot
beside it and the robot will navigate following the
desired path with the human velocity (Fig. 11). There-
fore the human will be not only responsible for decid-
ing the value of p, but also he will be responsible
for regulating o, and ¥ g. If the human is located
within the interaction zone, dycan take values between
Pmin < dy < Pmax. The behavior of the human
being in this task is modeled by the same con-
troller explained in Section III.C. This model is valid
since the visual reference point is located in front
of the target point instead of being over the robot.
This assumption is according to the non-holonomic
natural walking of humans. Once, the controllers
stability has been verified, the effect of the switching
will be next studied.
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Fig. 10 Human-Robot
reference system when the
human is located in the
zone 2R

Zone 2R

@ Target Point

 Visual Approach

4 Switching System

This section formalizes the proposal of modeling
the bilateral human-robot interaction by a switching
system of the previous controllers, and the stability
analysis of the whole system. A piecewise continuous
switching signal 04 = i(i =0, 1, 2, 3) is employed to
describe the switching system by indicating the active
controller at every instant as shown in Fig. 12.

The switching signal o= 0 when the distance con-
trol is performed by the human and the robot travels
the path at the constant velocity vg,in; 04= 1 when
the distance control is performed by the human and
the robot moves over the path at maximum veloc-
ity VRmax; o0a=2 when the distance control is
performed by the robot (distance control 1: human
behind the robot) and the human only controls its
orientation. Finally, 4= 3 when the control dis-
tance is performed by the robot (control distance 2:
human beside the robot) and the human controls its

@ Springer
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Py is such that ppin < Py < Pmax, Since
the robot cannot controls p,, without
increasing the error to the path. Now, it
can be assumed that the target point is
always parallel to the human, therefore
Py — 0,and only g, must be corrected.

PATH

orientation. This way it is possible to switch between
controllers by selecting the proper o4 value. In this
work this selection is the output of a logic-based
supervisor whose entries are the human position with
respect to the robot and the human velocity (as shown
in Table 1). Some special cases will be analyzed later
in the text.

It is a well-known fact that asymptotic stability
(AS) of the individual controllers is not a sufficient
condition for the stability of the switched system [22].
In order to be able to conclude about the overall
switched system stability, it is required to analyze the
switching effect over each one of the states of interest
[23-26].

4.1 Stability Analysis of Human-Robot Switching:
Human located behind the Robot

Switching will occur when the human passes from
Zone 1H to Zone IR or vice versa. Additionally, this
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Fig. 11 Human-Robot
reference system when the
human is located in the
zone 2H $

Zone 2H

same switching will occur when the human veloc-
ity overpasses the maximum value set for the robot
velocity or the human velocity is less than vgpip,
(Zone IR or Zone 2R) The robot will always be fol-
lowing the path. For this reason: d (distance to the
path) and gﬂ (orientation error to the path) will not be
affected by this switching. The same occurs for the
human orientation with respect to robot ¥y which is
always controlled by the human. Thus, these states
are globally uniformly asymptotically stable (GUAS)
with respect to the switching signal within the interac-

Table 1 Relation and o4 velocities with zones

oA Human in the Zone Velocity

0 1H or 2H anyvy

1 IR or 2R VH 2 VRmax

2 IR VRmin < VH < VRmax
3 2R VRmin < VH < VRmax

Reference Line 7
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Analogously: gy, is such that

Pmin < Py < Pmax, Since the robot
cannot control g,, without moving
away from the path. By assuming that
the target point is always parallel to the
human, it follows that ﬁy — 0,and only
D must be controlled.

«——Reference Line

PATH

@ Target Point
 Visual Approach

tion zone. Now, when the human exits the interaction
zone and the robot stops, d value (robot to path dis-
tance) remains fixed, and only globally uniformly
stability (GUS) can be proved. Next, the switching
effect over p will be determined, considering that this
error is alternatively controlled by the robot and by
the human.

Figure 13 shows most compromising cases for
the switching system stability: in Fig. 13a when the
human passes from Zone IR toZone IH with vy <
VRmin and then in Fig. 13b when the human passes
from Zone 1H to Zone IR with vy > Vgnuax. It
can also be concluded that this delay avoids chatter-
ing, since it acts as an hysteresis for this switching.
With reference to Fig. 13 in [fi#;+1] operates the
human, noting an increasing of p(¢) related to the
human reaction time to control this distance, and then
an asymptotic behavior of p(f) to zero when the
human controls p (¢) after the time delay (dashed line).
In the interval [fxy1fx+2] it operates the robot and
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Fig. 12 Switched system
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r

block diagram

Ref. +

»
>

]47

L Supervisor

Path Controller Vgpin

Path controller

Vrmax

Distance controller 1
and Path controller

Distance controller 2
and Path controller

Human controller

P, ¥n)
L J
( N\ p
Human controller 26
(¥n)
_ J

p(t) decreases. By considering the kinematics of this
problem (2), a distance error p, can be defined during
T as a function of the human and robot velocities:

pr =T (VH COS Y — VR COSYR) (26)

This distance directly depends on the relative human
to robot velocity and presents two extreme cases: the
first one when vy < Vgmin and hence vg = Vgmin
(Fig. 13.a), while that in Fig. 13.b appears for vy >
VRmax and hence vg = Vguax. In both cases these
relative velocities act only up to ¢t = t since after
this time interval, the human or the robot corrects the
error. The following analysis is for the most critical
case when the human doesn’t control p after delay

(Fig. 13.c). Then, when the human controller (k; =
kp)or the robot controller(k; = kg) are active, the
evolution of p(¢) will decay exponentially to zero.
However, during the pure delay, lineal growth will be
supposed according to:

"(’r —h)i <1< fep 27)
Goe kit —t — 1) <
Pre (=t —T)i kg1 St < gy

A correction time of at least 7. seconds is nec-
essary in order to guarantee stability. Therefore, the
objective is to compute the minimum time f. that
the robot controller needs to be active in order to
correct the error due to the human delay. From

PO 50
\ : pit ; 5(6) :
\Robot! Human | Robot| B *  Human  Robot 2% Human i Robot
~ Ss~o —-_— >t e(tk’rf) 7'} P (tiss) A X
Ps [ P (trr1) V4 B ; \ Pr
N \ Pe ; Ps Sy ¢ Ps > =iV,
Pty + 1) —T / R Tt
5% v Liesz tkr1  Che2 te  trerr trsz
(a) (b) (©

Fig. 13 Switching system: solid black when human controls
and dashed red when the robot is controlling p.(a) Switch-
ing fromZone IR toZone 1H with vy < Vguin. (b) Switching
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fromZone 1H toZone IR with vy > Vgnaxblue circle indicates
the instant at which vy = Vgyay. (€) Is the critic case(b)when
the human don’t control the  pafter delay
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Fig. 14 Human location 25
and human-robot distance
experimental curves dy
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Fig. 13.c, the stability condition is gre K" < ps making a new switching (i.e., before delegating the

with t = t + T + t.; where pgis the maximum error
in order to consider that the properly corrected error.
Then, it is possible to compute the minimum time
required to compensate the error due to the human
delay:

1 ~
kj P

Expression (28) represents the minimum time that
robot has to maintain its controller active before

(28)

Fig. 15 Evolution of

distance regulation to the human again).

4.2 Stability Analysis of Human-Robot Switching:
Lateral-Human Location

Analogously to Section IV.A, it can be noted that the
control states for the human considered as a control
plant are p and ¥y, whereas the control states for
the robot are p, (lateral distance error), d and 1,[7
Also in this case ¥y is corrected by the human for

distance p and human
location

25

N
T

Human Behind

————— signal 6

m— Distance error

Human Behind B

Target Point-Human Distance (m)

Human Beside B

20 30 40 50 60 70 80 90 100
Time (s)
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Fig. 16 Evolution of 3
distance error p and signal

oA
251

————— signal Sa

=== Distance error

1.5

0.5

-0.5F

Error TargetPoint-Human Distance (m)

any oavalue. On the other hand it has been proved
that o is AS when the human controller is active
at o4 = 0 and oa= 1, whereas p, is AS when
the robot is controlling at co= 3. As in this case,
there is a known relationship between them: 5> =
/5% + ,5%. Now, considering again the AS result for
p thus p, must be also an AS behavior. Finally, the
switching system is stable if Eq. 28 is satisfied. The
switching analysis over the control states for the path

20 30 40 50 60 70 80 90 100
Time (s)

following controller is identical to the one presented
before.

4.3 Stability Analysis of System: Human
Besides/Behind Robot

To complete stability analysis it is mandatory to con-
sider all cases at which the human alternates its posi-
tion from behind to beside the robot, which are: i)

Fig. 17 Evolution of
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the human passes from Zone 1H to Zone 2H and vice
versa; ii) the human passes from Zone IR to Zone 2H
and vice versa. In case i) the human controls p and
Y g in both zones whereas the robot is moving at min-
imum velocity over the path. Hence, this change on
the human zone does not affect robot stability. In case
ii) when the human is in Zone IR and decides to go
to Zone 2H the robot changes its velocity to the min-
imum velocity and from this moment p is controlled
by the human. While the human is in Zone 2H and
decides to go to Zone IR and from this moment on,
p is controlled by the robot and if Egs. 4 and 28 is
fulfilled p es AS.

5 Experimental Results

In order to validate the controllers, experiments have
been performed with a Pioneer 3AT mobile robot and
a LMS200 laser range finder (180° range with 1° reso-
lution) along with a leg detection algorithm developed
to measure the variables of interest (distance, position,
orientation and velocity). Constants of the robot con-
trollers are set to the following values: kgqrx = 0.5;
ksary = 0.5; ky = 0.95; ky = 0.95; kgarp = 0.9,
ko = 1.5; ksar1p = 3 and k, = 1.8. Person who
participated in the experiment is a 30 years old man.
Only consideration in the person selection were that
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he/she must be capable to walk at a minimum speed
above vgymin. To validate the switched control system,
two experiments are shown. In the first experiment
the robot follows a circular path and the person was
asked to start follow the robot from behind. He was
also asked to change his relative position to the robot
from behind to beside it and return behind the robot at
any time he wants. No specification about the walking
speed was given to the man. Therefore, initially the
human is located behind the robot. The human starts
following the robot behind it with p; = 1.5m then he
decides at t = 39s to walk beside the robot and finally
att = 62s the man returns behind the robot. Figure 14
shows the location of the human during all interac-
tion and human-robot distance experimental curve dg .
Note that when the human is located behind the robot
dg = p, while, when the human is located beside the
robot, the robot can’t control py and dgy # p.

Figure 15 shows distance experimental curve p and
the location of the human during all interaction, the
curve p converges to p; = 1.5m. Note that, the dis-
tance p presents jumps at ¢+ = 39s and ¢t = 62s, this
is due to changes in target point position. The max-
imum amplitude of these jumps is given by ppax —
PAOYPd — Pmin, in this case is 1.1m with oy, = 0.4m
and ppax = 2m.

Figure 16 shows the time evolution of the distance
p with the switching signal 4. while Fig. 17 shows

Fig. 18 Second experiment sequence: robot leading the human through a corridor
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Fig. 19 Human and robot
Trajectories

J Intell Robot Syst (2015) 77:73-93

Axis Y (m)

=== Human trajectory
Robot trajectory

the time evolution of the distance p, with the switch-
ing signal o4. The distance controller 1 (behind) is
active (04 = 2, i.e., the human walks behind the
robot) between ¢t = Os and ¢t = 38s, and between
t = 63s and t = 100s. On the other hand, the distance
controller 2 (beside) is active (o4 = 3, i.e., the human
walks beside the robot) between t = 39s and t = 625s.
Note in Fig. 16 that the state p, only is controlled
when the human decides to walk beside the robot.

In the second experiment the robot guides the
human being along one corridor until the desired final
position inside the library, with p; = 1.5m. For this
experiment the same 30 years old man was asked to
follow the robot without any specification about the

15
Axis X (m)

relative position (behind or beside) or about the walk-
ing speed. He was also asked to stop following the
robot for a few seconds at any instant he wants. This
action would simulate that the human has not the
intension of interact with the robot, allowing evalu-
ate the robot performance under this situation. During
the experiment, the human decided to follow the robot
always from behind may be because of the reduced
wide of the corridor. In this experiment, the human
always walked behind the robot.

Figure 18 reveals a photogram sequence of the
experiment. Figure 19 depicts the described trajectory.
Figure 20 shows the time evolution of the human-
target point distance (in this case the target point is

Fig. 20 human location vs. 25
distance experimental
curves p

0.5 IN

Target Point-Human Distance (m)
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Fig. 21 human location vs.
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on the robot). Note that at t = 7s the human stops
(Fig. 21) making the distance increase (human exits
the interaction zone), delegating the responsibility of
controlling the distance to the human since the robot
cannot go back. When the human exceed the robot
maximum speed, the robot takes a vVgmyqx = 0.75m/s
as shows Fig. 22 att = 13s  (oa=1). From ¢t = 14s
the robot takes control of the distance until it achieves

Il
10 15 20 25 30 35
Time (s)

the desired final position. Distance errors less than
7cm are observed.

Figures 16 and 21 verified that the time intervals
in which the robot is active exceed the value of ¢, =
0.25s, which is the minimum time before the con-
trol will switch back to the human. The time was
calculated from Eq. 24 for critical conditions where
kr = 8.8, ps = 0.07m being the most critical case

Fig. 22 Velocity and

human to robot distance
with switching signal

0.8

Velocity (m/s)

0.6

— Human

Time (s)
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when vy and vg are collinear (g = yg = 0) then
pr = 0.675m, vy = 2VRmax-

Figures 16 and 21 verified that the time intervals in
which the robot is active exceed the t, = 0.25s, it is
the minimum time before the control will switch back
to the human. The time was calculated from Eq. ??
for critical conditions where kg = 8.8, o5 = 0.07m,
the most critical case when vy and vg are collinear
(Wyg =Yg = 0) then pr = 0.675m, vy = 2VRmax-

6 Conclusions

This work has presented the development and analy-
sis of a bilateral interaction system between a human
being and a robot. The robot has to guide the person
while it follows a specified path. The proposed inter-
action control system is said to be bilateral because it
considers the active participation of the human and the
robot in the control problem. To emphasize this inter-
action the human has no passive attitude with respect
to the robot, but he can take control of some system
objectives in certain situations. A nonlinear kinematic
controller for modelling the human being behaviour
in the considered task has also been proposed and
validated. Experimental results show the good per-
formance of the proposed control algorithms in the
bilateral human-robot interaction for the considered
problem. It has been found through experiments that
the robot must comply a minimum activation time for
the system to be stable. It is important to highlight that
the work includes the theoretical stability proof not
only for the independent control algorithms but also
for the complete switched system proposed. Future
research work is expected to implement dynamic
interaction zones in scenarios with multiple humans
and multiple robots.
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