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Abstract —In this paper, a novel hybrid system with a
local feedback control architecture for a wheeled mobile
manipulator (WMM) is proposed to seek a target and grasp
it within an unknown indoor environment. The active
behaviors of a WMM are able to explore environment, lock
target, self-localization and avoid obstacles. Initially, an
ingenious hybrid model which captures the continuous
dynamics of the WMM and the event-driven collision-
avoiding goal seeking process is established. Next, a two-
level control architecture is devised for the WMM system,
where the first level mainly handles sensor feedback subject
to sensor fusion, whereas the second level is responsible for
providing a well performed supervisory control that can
manipulate all available surrounding resources to
successfully accomplish the aforementioned mission. In the
Advanced Control Lab of Dept. of Electrical Engineering at
National Taiwan University, an actual WMM is developed,
named The Treasure Hunter {TTH), which is able to hunt
treasures in an unknown environment whereby the
effectiveness of the proposed approach is satisfactorily
demonstrated.

Keywords — Wheeled mobile manipulator, hybrid system,
supervisory control

I. INTRODUCTION

'The hybrid automataon has been studied extensively in
recent years. There have been several topics in this field
which remain attractive to [ots of scholars, such as liveness,
reachability, stability and controllability. For example, one
of the important sub-topics on stability of discrete event
systetn (DES) is concerning Lyapunov method [6] and
output stability method [7]. Furthermore, Lyeros et al.
developed a more general theory on dynamics property of a
hybrid system [8]. Another is to use Linear Matrix
Inequality (LMI) analysis to prove the stability property of
hybrid systems {9]. From the viewpoint of system’s
structure, it is more complex to deal with such mobile robot
or manipulator due to its excessive redundancy problem and
somewhat intricate kinematics constraints, as revealed by
[1LE2LI3).

The aim of this paper is to develop a hybrid system
approach to realize a control architecture for a wheeled
mobile manipulator (WMM} to execute a task of searching
for a farget and grasp it while wandering through the

0-7803-8998-0/05/$20.00 ©2005 IEEE

976

environment clustered with obstacle. This paper is
organized as follows. The problem formulation and the
pertaining system architecture of the WMM are presented in
Section I and I, respectively. On the other hand, hybrid
systern modeling and control is introduced in Section IV. A
visual tracking system is introduced in section V. The setup
of the overall system and extensive simulation results are
provided in Section VI, and finally conclusions are drawn in
Section VIL

II. PROBLEM FORMULATION

The controller design of a highty complex system is
very difficult to analysis with traditional methods so that it
may take lots of time to adjust the resulting system
parameters to yield better performance. On the other hand,
all sub-systems may switch with optimal strategies, but the
stability property may not be guaranteed if the initial state to
the switched state can not locate inside the safety set of that
state. To prevent this problem, a theoretical method for
hybrid system is therefore needed to deal with such
circumstance.

Consider a mobile manipulator built in The Advanced
Control Lab of Dept. of Electrical Engineering at National
Taiwan University, whose function is mainly designed for
object searching and grasping. Here, the mobile base is
assumed to be equipped with wheel encoders, ultra-sound
sensors, a CCD camera, and a laser ranger finder. Its
features include :
novel mechanical design;
exploring unknown environment;
visual tracking system;

5 degrees of freedom (DOF) manipulator;
remote control, power control, and supervisor
system.

Figure 1,2 : The mobile manipulator named The Treasure Hunter
(TTH) developed in NTU



Figure 3,4 : Innovative mechanical design and rotating wheel of TTH

II. SYSTEM ARCHETECTURE

As for the manipulator which is mounted on the mobile
base, it is a 35DOF robot arm. Moreover, a DSP based
ultrasonic sensing system with 6 ultrasonic sensors
deployed to cover 6 different directions is adopted for
collision avoidance, Later, this system will be fused with the
signals from the DR system if the environmental
information is going to be used to detect the robot’s
location.

Figure 5 shows the conceptual diagram of the system.
There are two main processors embedded in the WMM
which are used to process the main jobs, including
calculation and I/O access. The first processor is TI DSP
which is used to fuse the sensor signals and will be a backup
system to take over the local motion control algorithm for
reducing the system’s computational loading. When PC104
is dedicated for running visual tracking algorithm, DSP will
be assigned to cooperate with it.

Figure 5 : System conceptual diagram

IV. HYBRID SYSTEM MODELING AND CONTROL
In this section, we start with the pertaining hybrid
sysiem model. After that, kinematics and dynamics model of
the WMM, and its nonlinear controller design will be
established with mathematic definitions.

4.1 Hybrid Automaton

A hybrid automaton is a dynamical system that
describes the evolution in time of the valuations of a set of
discrete and continuous variables. The stability analysis
issues with dynamic property have been addressed in
{6]1[71[8]. In this paper, a hybrid automata designed for
WMM is implemented to evaluate the reachability and
stability issue.

Definition 1. (Hybrid Automation) A hybrid automation H

is a collection H =(Q, X,U.Y, it, f,Inv, E,G,R), where

®  O={S,W,4,R.R,T,T,GE}cR’: a finite set of
discrete variables with the following meaning, § :
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“start”, W : “wander”, 4 : “approach”, R;, R, :
“reverse”, T; T, : “rough-tune” and “fine-tune”,
respectively, G : “grasp”, and £ : “end”;;

e X= {vvswvsgvsqmlsqml!-'--sqmssqms} € R": a finite set of
continuous variables with v < R® representing the
linear velocity of the mobile manipulator, g being the
rotating angular velocity about the central axis of the
mobile base, (g, ),i=1~5, being the joint
displacement and velocity of the i-th joint of the
manipulator;

®  [:asetof input variables;

® y-lus}: a set of output variables with v and s
respectively denoting the visual measurement and the
surrounding obstacle information (relative to WMM);

®  Jnit  Ox X asetof initial states;

®  /:0xX - X:avector field;

® /m:Q—2": a domain (invariant set} under which
the dynamics of the mobile manipulator hold,

®  FcOPxQ :asctofevents;

®  (:E - 2%:guard-set function;

®  R:ExX — 2% :resetrelation.

Definition 2: An execution of a hybrid automation H is a
collection y = (y,q,x). where y is a hybrid time trajectory,

q(y>_>Q is a discrete variable, and x:{x";je(y)} is a

collection of dynamics such that

* (g(0), x° ()  Init ;

. % =f(q(i),xf (t)) and x'(¢) e D(q(i)) viely,.r):
*  Vie{(y)\{N} e=(q{i).q(i+1))<E;

x (r])eGle), andx"(y,, ) e R(e.x'(¥',))-

4.2 Supervisory Design

The hybrid system of WMM is actually composed of
discrete and continuous parts. The conceptual diagram of
the underlying hybrid automaton is depicted in Figure 8.
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Figure 6 : The conceptual diagram of hybrid automaton



Note that x =(x,, x,,), where x, and x,, respectively represent
states of the mobile base and manipulator, As for the vector
field, £;(-,), it integrates the dynamics of the mobile base as
well as the potential field force accounting for the
determination of the input variable U({,s), which apparently
relies on the measurements from both image sensor and the
ultra-sound sensors. In contrast, the vector field f,.{)
integrates the manipulator dynamics (or kinematics) and the
image sensor measurement. Moreover, meaning of each
state, namely, “start”, “wandet”, “approach”, “grasp”,
“reverse”, “tune”, and “end”, is described below :

1. Start § ={True, False} : It means start of the mission;

2. Wander y = { True, False} . At this state, the WMM aims

to move around within the indoor environment i a random
walk manner while avoiding collision with obstacles. So far,
there have been several ways to perform the random path
planning and complexity of these algorithms at 2D
environment has been studied [4]. The wandering with
random walk strategy will explore the indoor environment
completely as r -»w. In that case, the guard set G will be
triggered eventually so that the state Approach will be
reached, implying the visual contact of the target object will
always be possible, namely, /,(x) # null and L(x) # null,
where I(x} and I(x) respectively refer to horizontal and
vertical target detection in the CCD camera image.

3. Approach : At this state, the WMM will turn on the
visual tracking mechanism so that the mobile robot will
move fowards the target object while trying to maintain
visual contact with that object. However, if the area of the
target in the image satisfies J, (x)>aq for some appropriate

value ay, then the state will transfer from approach to rough-
tune;

4. Rough-Tune 7,={True, Faise} : At this state, if the
WMM drives close enough to the target object, ie.,
I(x)>aq, for some appropriate a;, then the state of rough-

fung transfers to another state called fine-tune. Hereafter, the
signal of laser range finder will be turned on until this fine-
tune state is relieved;

5. Fine-Tune T;={True, Faise} : When the laser point
appears in some specific range of the image, which means
the manipulator is at the right position for grasping, the
robot will stop and enter the grasp state;

6. Grasp G:{True, False} : This state means that the

manipulator will move to the grasping configuration and
execute the grasp motion;

7. Reverse : Two reverse modes are established to deal with
different situations.

(1) “Reverse 17, R={True, False} : After failure to grasp
the object, which is detected by CCD camera, or
suffering from the loss of visual contact due to rough
tuning, this state has to be executed immediately, i.e.,
the WMM will be backed away slightly to be ready
again to access either the state rough-tune or the state

Zrasp;
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(2) “Reverse 2”, R,={True, False} . After success of
grasping one object and there is remaining mission to
be completed, this state will be executed so that the
WMM will be backed away significantly and the
manipulator will get back to home configuration so
that the wandering state will be accessed next.

8. End £ ={True, False} When all the grasping tasks are
finished, the end state will be triggered.

From Figure 6, which shows logic flow among 9 states
totally in the automaton, the hunting behavior starts with
assigning all variables with initial value and transferring to
the wander mode. At that time, the obstacle avoidance flag
is set true to help the mobile manipulator navigating in the
unknown environment. Here, we define v={7 7 , Iv}e R.
On the other hand, the discrete variable s € R® depicts the
distance message measured from the set of 6 ultra-sound
sensors, Consequently, a major rule table is designed to
avoid obstacles when the WMM searches through the
environment the target object as illustrated in Figures 9,10.
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Figure 7.8 : The definition f ultrasonic working range and rule table for
obstacle avoidance

In the rule table, LR denotes “Large Right” and SR is
*Small Right” and B is “Reverse” and A is “Ahead” and LA
is “Large Ahead” and SL is “Small Left” and LL is “Large
Left”.

Thus, the major processing flow of obstacle avoidance
we formulate is as follows:

Step I: Poll the signal from six ultra-sounds.

Step 2: Fusion signals with Fuzzy algorithm.

Step 3: Control the heading angle of the WMM.

The obstacle avoidance behavior is always true in the
state of “W” until the state transmitting to another mode. In
the state of “A”, the behavior of obstacle avoidance will be
activated by one of the six distances measured by ulira-
sounds is short enough relative to our safe range.

4.3 Kinematics model of the WMM

The control variables of the WMM are composed
of the linear speed w, of the mobile base and the angular
velocity u of its heading direction, namely :

o, et )
2

_wmw @
w, +w,

where w and w, denote the rotating speeds of the right
wheel and left wheel, respectively. Note that ,,  and 4

can be used to control any movement of the mobile base.
For example, the slow-speed dynamics of the base is
expressed by



fla)=a,=KJ(q.)u, 3

with
’fv Cf)S(¢“+ﬂ) 00 .
q'v = .}.)u ’ Jv (qv) = Sm (¢v + ﬂ) 0 0 ’ uv - ﬂwmr’e /b
é 010
§ B
£ 0 01

v

where o denotes the heading angle of WMM, ( x,,v,) isthe

position of WMM relative to a world coordinate origin, K,
stands for a positive constant.
According to Eq. (3), appropriate selections of ,,, and

4 will result in the required motion for the vehicle. Given
the values of __ and 4, the right and left wheel speeds of
the mobile base can be obtained from
w =w, (1+ 1)
W, =W, (1- 1)

Gy
(5

4.4 Kinematics model of a 5 DOF manipulator
There is a full set of researches on kinematics model of
the manipulator [5]. The general form is expressed as

f;u (q,,, ) = qnl = Km‘]m (qm )um
where § - [01

(6)
gsf with ¢ < R,i =1~ § being the join
variables of the manipulator, and meanings of J, and u, are
straightforward and can be easily found, e.g., in [14], Also,

we may find a nonlinear controller to control the
manipulator subject to asymptotic stability propetty.

4.5 Dynamics model of WMM

The Lagrange formulation is used to establish
equations of motion for the mobile manipulator [10],[14]1,
which may lead to the following matrix form

M(x)i +V (x, %)%+ G(x) = E(x)r — AT{(x)A (7)

where x=g, ®g, . M(x) is an inertia matrix, p(x,x) is
centripetal and Coriolis torques, G¢xj is a gravity term,
A(x) i3 a constraint matrix, and 7 is a generalized control
force (torque).

Given the dynamics of the mobile robot, as shown in
Eq. (8), the following properties hold :

(@x" (M(x)-2V (x.5))x=0, Vxek
()3m, M, st 0<M, <[ (x)|s M, <0, VxER
©)3v,, st. [V (x.5)| <V, x| » VxeR"

Proposition 1. (Local Nonlinear Controller Design)[10]
Consider the system described by (7) with the control law
given by the solution r of the following algebraic equation

7= E" ()M, +V(x,%,)%, + G(0)+ A (x)1-K e~ K,&) (8)
with
e=Xx—X; X, =X, —Ae, s=x—% =é+Ae

where x, e R". x, € R" are respectively the desired position

and velocity trajectories, E*(x):(E(x)T E(x))'lg(x)f is a
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pseudo inverse matrix, and both K, and g, are positive
definite diagonal matrices. Then, the system is shown to be
exponentially stable.
Corollary 1: From Proposition 1, the desired velocity z, is
defined by Eqs. (3)(6) so that 3, can be transformed to the
following control space

By = Ko (J(x, v, + J(x)9,) 9)
for appropriately defined J¢*) and v, . Then, the generalized
control force (torque) defined as

t= B (UM (x)w, + {xv, v, +G(x)+ A" A- K e—K,é) (10}
will ensure that the system is exponentially stable.
Proof : It is straightforward.

Dead Reckoning
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Figure 9 : Local nonlinear virtual torque control

Figure 9 displays the proposed control block. Actually,
the implementation suffers from solving the invetse torque
problem when we neglect the nonlinear actuator dynamics.
In this case, the linear relationships between output velocity,
torque and voltage are hereby assumed for simplicity of
demonstrating the concept of this paper.

V. VISUAL TRACKING SYSTEM

The visual tracking system is divided into two sub-
systems — object detection and object tracking. After the
Gaussian filtering, a template matching is used for object
detection. When the object is detected successfully, another
process is to deal with the object tracking. During this stage,
the target object will be tracked after the image noises are
removed through filtering and application of the so-called
Hausdorff algorithm. That algorithm always compares the
acquired image with the predefined template to find out the
location of the potential target object.

Figure 10,11 : Automatic searching for target silhouette with Hausdorff’
metric



VI EXPERIMENT AND SIMULATION RESULTS

The experimental environment and devices are
introduced first in the section. On the other hand, we would
like to declare that the properties of the underlying hybrid
automaton, including non-blocking, safety, and goal
reaching, will hold through simulation. However, more
theoretical study and justifications are currently under way.

[ Object Derection Block

{ Object Tracking Block

Figure 12 : The schematic of visual tracking system

8.1 Scenario and Task

As shown in Figure 13, the size of the room for the
experiments is 4x5 meter’. A tunnel consists of two corners
and two targets is arranged in the room. The WMM
developed in NTU, called TTH, starts to wander from the
starting point (0,0,0) while turning on the collision
avoidance mechanism. In this mode, the TTH will seek and
lock the target in parallel with functioning of collision
avoidance mechanism. When the TTH finds the target via
CCD camera, it disables collision avoidance mechanism and
go into tuning mode to approach to the target. During the
tuning mode, the TTH tries to lock the target at the center of
image. After approaching to the goal closely enough, the
TTH starts to grasp the target slowly. After all targets are
grasped successfully, we will conclude that the designated
mission is fully accomplished.

Robot-

Figure 13 : Experiment scenario

6.2 Device Specification

Following the hybrid automaton, we design a mobile
robot system with the hardware architecture as shown in
Table.1. We set each device on the chassis made of
aluminum sized by 450mmx450mm, and the height of this
robot is 500mm.Cur robot totally weights 11.2 Kilogram.

Table.] : Hardware architecture

Device Descriptions
Wireless LAN 3Com 802.11g USB Adapter

Ultrasonic Sensor Polaroid x 6

Camera Logitech QuickCam VGA CCD

Manipulator Synax

Batteries Yuasa 12V DC x 2
Main Computing Advantech Pentium TI1 — 900Mhz

System PC/104 Module

All of functions of WMM such as collision avoidance,
target searching and tracking, and object grasping are
contributed by the integration of ultrasonic module, visual
system, manipulator, and compute system. Moreover, the
host computer dedicated to the reactive robot-vision
surveillance, real-time model construction of the dynamic
environment, and robot tele-operation in emergency via
Wireless LAN. In the implementation of five kinds of states
of this hybrid automaton, we set each state with different
moving speeds as shown in Table.2.

Table 2 Moving spesds for ﬂf_emn states
Mode Velocity(cm/s)
Wandering 5~8
Approaching 5~8
Tuning Roughly 3~5
Tuning Finely <l
Grasping 0
End 0

6.3 Simulaton

Figure 14 : Simulation environment

Figure 15 shows the time history for state switching in
treasure hunting game. Initially, the robot TTH wanders to
explore the uncertain environment. Soon after that, the robot
switches between two states, wandering state and reverse
state, because it went to the corner, got restricted, and tried
to escape.

0 A 40 o 80 100 120 140
time(sec)

Figure 15 : An execution of hybrid automaton
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When the TTH discovers any target, the wandering
state will switch to the approach state. Following the
supervisory control philosophy, it will then switch into
rough-tune and fine-tune states in series. One can easily
conclude that the grasping state will be reached in the figure,
and the TTH grasp the target successfully at the end.

6.4 Experiment— Visual Tracking Mechanism

In order to find the area and centroid of the target, the
method of signature analysis is applied. The signature,
which is a projection, is the histogram of the nonzero pixels
of the image. From the vertical and column projection, the
area and centroid will be obtained. We denote the set of
pixels in a target region by R. The global properties include
the area of target [, and the centroid (Z,) as defined
below : Area: j — , and Centroid; :L ,

Ly (r.cz):ekl L i, (r.cz}:eRr
1

I =— c
1, rewr

For success to grasp the target, TTH has to maintain a
fixed distance between itself and the target. A laser range
finder equipped on THH is responsible for measuring the
distance as mentioned above. In Figure 16, where a laser dot
shown in the image starts to emerge when

Laser dot

B

Figure 16 : Image capture by CCD camera.
the blue target is tracked by TTH and is close enough to the
robot, the location of the laser spot is at image coordinate
(157, 105) whereas the calculation of the centroid of the
blue target is located at image coordinate (48, 66.6). With
this information, TTH knows how to steer itself to the right
position for subsequent execution of grasp motion.
Histogram_Eius (herlrontsl) \ hisingrem,_biue {vertical)

i v
5

4 v

- - . - * Q " 4
0 S0 400 150 200 250 300 380 6 50 10

150 200 250
Figures 17,18 : Horizontal and vertical projection of the blue target
in the image plane.

In this experiment done at the Advanced Control Lab of
Dept. of Electrical Engineering at National Taiwan
University, TTH has demonstrated its superb capability in
searching for two targets in an unknown indoor environment
and successfully grasping the two target objects. The
research team even won the 1% prize in the 1* International
Student Hands-on Project Contest held in December 2004,
The short video clip can be found on the website of the lab :
http.//acl.ee.ntu.edu.tw .
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VII. CONCLUSIONS

In this paper, a novel hybrid system approach to design
a control architecture for a WMM was proposed. The
resulting capability facilitates WMM to search for a target
and grasp it within an unknown indoor environment.
Initially, a novel hybrid system model was developed which
captures the continuous dynamics of the WMM and the
event-driven collision-avoiding goal seeking process. Next,
a two-level control architecture is devised for the WMM
system, where the first level mainly handles sensor feedback
subject to sensor fusion, whereas the second level is
responsible for providing a well performed supervisory
control that can manipulate all available surrounding
resources to successfully accomplish the aforementioned
mission. In the Advanced Control Lab of Dept. of Electrical
Engineering at National Taiwan University (NTU), an
actual WMM was built, named The Treasure Hunter (T'TH),
which is able to hunt treasures in an unknown environment.
To demonstrate the effectiveness of the proposed approach,
both simulation through Webots and experiment in NTU
have been done and their results were provided or
discussed.
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