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Abstract

In implementation of intelligent mechanisms such
as dexterous mechanical hands, reconfigurable fiztures
or part feeders, it is always required to plan to ma-
nipulate object in order to gain its proper configura-
tion within the work-space of the manipulating agents.
Most of the proposed planners for coordinated con-
trol have been based on ad-hoc approaches using search
strategies embedded within various search trees. What
has been lacking in these algorithms is a formal frame-
work for analysis, synthesis and evaluation of their
performances. This paper presents an overview of ap-
plication of such possible controlled planner architec-
ture for manipulating objects using multiple agents.
The controller is based on discrete-event control the-
ory. The paper extends the application of such theory
to the case of multiple agents manipulating a common
object. Here for example, a set of events for lifting
and rotating an object 1s described as labeled alpha-
bets. Then 1t 1s shown how the manipulation of object
can be described as finite-state automaton. The set of
uncontrollable events s constructed. The supervisor
(planner) can then be constructed by first defining the
details of its legal behaviors.

1 Introduction

Object manipulation is one of the key require-
ments for example in autonomous assembly environ-
ment. In general the work-environment of multiple
agents consists of a number of low degrees of free-
dom mechanisms which can be employed and coor-
dinated to accomplish a given object manipulation
sub-task. Examples of such multi agents system are

active part-feeders, reconfigurable fixtures, dexterous
end-effectors and corporative mobile platforms han-
dling a common object.

In the design of active(intelligent) part feeders[1], a
series of active fences ( e.g. having one degree of free-
dom) are located along a conveyor belt where objects
are begin fed to the assembly area. The objective is
to orient the objects as they arrive at the work-area.
Here each fence i1s equipped with a contact sensor and
a single active degree of freedom. It is shown that
through interpretation of the contact forces, sequences
of discontinuous motions (contact and non-contact) of
the fences can be planned and coordinated such that
eventually the object can occupy a desired configura-
tion.

In the application of reconfigurable fixtures[2], a
number of low degree of freedom moving constraints
can be employed where through the coordinated move-
ments of such constraining agents, the object can be
held in a force-closure configuration. Here also a ba-
sic sensing modality can be integrated in the design of
each agent which can be used to determine the contact
status between the object and the agents.

In the application dexterous end-effector[3],[4] it is
required to coordinate the motions of multiple agents
(in this case the contacting fingers) to grasp an object
and then manipulate the object between the fingers in
order to gain proper configuration of the object within
the end-effector.

The task of object manipulation in general is ac-
complished by first determining its initial and desired
configurations. Then by incorporating the nature of
constraints between the agents and the object, se-
quences of pushing forces and motions of constrain-
ing mechanisms can be determined. These basic mo-
tion and force primitives are coordinated such that



in accordance with sequences of loosing and gaining
of contact between the agents and object, the desired
configuration of object can be obtained.

There are various issues related to grasping and
manipulation of object using multiple agents such as
contact force interpretation and planning, robust po-
sition controllers for each agents, robust contact tran-
sition controller (discontinuous controller) and force
controller. These issues are being addressed in one way
or another in the literature. However, one key element
which needs attention is the development of a formal
framework where one can study the controlled perfor-
mance of the planner and the coordinator of multiple
agents such as the ones described above. This work
similar to [5] explores and present theoretical frame-
work for the coordination of controlled discontinuities.
These discontinuities are natural part of the object
manipulation using multiple agents[7]. As described,
the configuration of the object is altered through se-
ries of non-contact and contact motions of the agents.
Describing a task as a series of distinct segments is not
novel to dexterous manipulation; however, there is a
need for a sound theoretical approach to provide not
only a high-level coordinator, but also to provide some
insight into the task organization and help to deter-
mine when, where and if sensors should be included
with signal interpretation as a part of manipulation
operation.

In this paper we apply the discrete-event control
theory[8] to high-level description and coordination of
dexterous manipulation. We give some insight on how
this theory can be extended to such tasks and the chal-
lenges and promises of its implementation. Discrete-
event control theory has been used to control a variety
of robotic applications including manufacturing and
assembly tasks[9],[10], [6] and a grasping task[11],[12].
We present here a control-theoretic approach based on
[8] which can then be used to explicitly synthesize a
SUPETrvisor.

The theory is based on expressing the plant (the
agents and the object) as a finite-state machine. In
addition the planner (the controller) is also expressed
as a finite-state machine where both the plant and the
controller have a set of marked (desired) states. The
plant can be partitioned into a set of controllable and
uncontrollable events. The controller (planner) is also
equipped with a feedback map which can be enabling
or disabling the controllable events. The feedback map
can be interpreted as an intelligent ruled-based sub-
system for disablement of the events and ensuring that
uncontrollable events are never enabled. The behav-
iors of the plant when it is constraint by the planner

is called the supervised discrete-event system.

In the following section we present and overview of
such control formalism and then highlight how it can
be applied to the case of object manipulation followed
by some discussions regarding its implementation.

2 Discrete-Event System

Let the plant be modeled by an automaton, called
plant in the following form:[§]

G= (Qa 27 61 qo, Qm)

where () is a set of states; ¥ is a non-empty set of event
labels called alphabet; § is the transition function, a
partial function § : ¥ x Q — @; qo € @ 1s the initial
state; and Qn C @ is the set of marker (terminal)
states. When @ is finite, G’ can be described as a
finite-state automaton and can be represented as a
directed graph where the nodes of the graph are the
states in @, the arcs of the graph are the transitions
defined by the function ¢, and the set of labels for the
arcs are the events in X. Thus for any event o € X
and an initial state ¢o € @, d(0, qo) is defined (written
d(o, q)!) if there is an arc from ¢g to some other state
labeled by o.

The set X* contains all possible finite sequences, or
strings, over X plus the null string €. The definition
for § can be extended to ¥*

8(e q) =1,

(Vo € X)(Vs € ¥*)d(s0,q) :=d(0,0(s,q)).

The language generated by G, also called the closed
behavior of GG, described all possible event sequences
that the discrete-event system can undergo

L(G) :={s:s € X" and §(s, q0)!}.

The language Ly, (G), or the marked behavior of G,
describes all possible event that represent completed
tasks

L (G) :={s:s€ X" and §(s,q0) € Qm }

By definition, Ly, (G) C L(G).

For any string s € X*, we say that ¢t € X* is a prefiz
of s if s = tu for some u € X*. Thus every string
s € X* has at least two prefixes, € and s.

If L C X*, the prefir closure of L is a language
denoted by L, consisting of all prefixes of strings of L,

L:={t € ©* |t is a prefix of s, for some s € L}



Let us partition set of events X into the disjoint sets
Y., controllable events, and X, uncontrollable events.
Controllable events are those events whose occurrence
is either preventable (i.e. may be ”disabled”) or al-
lowable (i.e. are said to be ”enabled”). Uncontrollable
events are those events which cannot be prevented and
are deemed permanently enabled. A supervisor (or
controller) may enable or disable controllable events
at any time during its observation of a sequence of
events generated by (G. Thus supervisor allows only
subset of L(G) to be generated.

Formally, a supervisor § is a pair (S, ¥) in which
S is a automaton

S = (X7 E1£1m01xm)

where X is a set of state for the supervisor; X is the
alphabet used by G; ¢ is the transition function, a
partial function £ : ¥ x X — X zg is the initial state
for the supervisor; X, is the set of marker states; and
¥ called feedback map, is given by ¥ : ¥ x X — {0,1}
satisfying:

\II(O',I‘) =1 lf O'EEU,IEX,
U(o,x) € (0,1} if oE€TeweX

The number 0 is interpreted as the command ”dis-
able” and the number 1 as ”"enable”. The automaton
S monitors the behavior of G and changes state ac-
cording to the events generated by . The control
rule ¥(o, z) dictates whether ¢ should be enabled or
disabled at the corresponding state in G.

We interpret the operation of S as follows: The
supervisor is initialized in the state xg and thereafter
undergoes state transitions in response to the outputs
of the plant G. At each state of S the feedback map
¥ selects a new set of enabled events for X. and thus
exerts some control over the future evolution of the
plant.

The behavior of G when it is constrained by & is
described by the automaton §/G, called the supervised
discrete-cvent system:

S/G=(Z,Q x X,(6 x6)"Y, (q0,%0), Qm X Xpm).

The behavior of §/G is described by L(S/G) and
Ly (8/G). The modified transition function (delta x
€)Y is defined as a mapping ¥ x Q@ x X — @ x X:

(0(c,q),£(8, z)) if 6(c, q)!,
£(9,z)!, and ¥ (o, z) = 1;

undefined otherwise .

(8% €)% (o, (g,2)) =

A supervisor § = (S, ¥) is nonblocking for G if:

L(S/G) = Lm(S/G)

That is nonblocking supervisor ensures that, in closed-
loop, any sequences s that is started (i.e. s € L(S/G))
can be completed to a marked sequence (i.e. s €
Ly (S, G)).

The control problem can be stated as: given a plant
G over an alphabet ¥ (with controllable events X.)
and given some non-empty languages A and E where
A C E C L(G) find a nonblocking supervisor § such
that:

ACL(S/G)CE

What this formalism captures is problems where some
process (say G) that can be described as a finite state
machine is given , and some set of desirable (or legal)
sequences is given (say E) and a controller is sought
to inhibit process behavior so that only desirable se-
quences are generated. The language A describes the
minimally acceptable set of sequences that any closed-
loop solution must contain.

To describe a solution to the above problem, it is
convenient to use the notion of controllability. Given
G over an alphabet X, for a language K C L(G), K is
controllable with respect to G if:

KX, NLG)CK

where KX, := {sc | s € K and ¢ € ¥,}. The con-
trollability property may be paraphrased by saying,
K is controllable if and only if no L(G)-string that
is already a prefix of K, when followed by an uncon-
trollable event in G exits from the prefixes of K the
prefiz language K is invariant under the occurrence of
uncontrollable events in G. If E is not controllable, a
largest (or supremal) controllable sublanguage of E,
denoted by supC(FE, ) can always be found[8]. The
standard solution to the control problem produces a
supervisor that acts on G to generate supC(FE, G)
The following section highlights through example
how some of the above descriptions can be applied to
the case of multiple agents manipulating an object.

3 An Example

To demonstrate how this formalism can be apply
to the object manipulation using multiple agents and
to point-out the challenges and advantages of this for-
malism, let us consider the case where it is required to
manipulate a held(grasped) object using four agents.
Here the objective is to grasp the object and then
change the orientation of it by using the relocating
agents.
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Figure 1: A schematic of agents and the object. The
numbers represent he possible contact points.

agent 3

The complete task can be described as: the ap-
proach phase where the agents move toward the ob-
ject; the grasping phase where the motions of the
agents changes from free to constrained motions, i.e.
discontinuity in motion. The grasping phase can then
be followed by manipulation phases. The manipula-
tion phases can be a combination of agents pushing
on the object, sliding along the object or relocating
on the object.

As an example of the proposed frame-work and re-
ferring to Figure (1), let us describe the set of events
be the set X:

Y. = {approach(i) , retract-agent(i),

contact-made(agent(i)), contact-break (agent(i))

detect no force-closure, un-stable contact,
constraint work-space, relocated agent(i)
agent(i)/object misaligned

relocate agent(i)

constraint motion of agent(i),

realigned agents, reorient the grasping forces,

The above present a sample of the list of events
which can be generated by . In the above, let us
define the following;:

e approach(i) is an approach of agent i towards the
object.

o retract-agent(i}is the removal of agents i from the
proposed contact location.

o contact-made(agent(i)) is the detection of contact
force between the agent and the object.

o contact-break(agent(i)) is the detection of no con-
tact force between the agent and the object.

e no force-closure is a presence of no static equi-

librium condition in a quasi-static manipulation
of th object. The condition can be simply stated
that the net forces acting on the object should be
end-up to be zero. This can be written as:

G.f:Fo

where G € RSP where p is the number of con-
tacting agents, f € RP is a vector of force magni-
tude of each contacting agents and F, € RS is the
external force vector acting on the object. In gen-
eral all of the components in the above equation
are described in th object coordinate frame sys-
tem. The condition of the force-closure is equiva-
lent to the rank of the matrix G to be equal to 6,
or rank(G = 6). At each discrete contact config-
uration between the agents and the object, if the
rank of G is less than 6, the condition will flag a
non force-closure case, i.e. for a planar grasp, the
rank condition is equal to 3.

un-stable contact is the case for the normal com-
ponent of force at each contact area not being
within the friction constraint. This condition can
be described as an unstable contact. Parameter-
izing the components of the grasping forces at
each contact point, the constraint equation can
be written as:

2+ fy < pf2 where f. <0

agent(i)/object misaligned indicates the condition
that agent(i) can not obtain a proper orientation
with the surface normal at the contact point.

relocate agent(i) is the relocation of the agent (i)
to a new location on the object.

constraint motion of agent(i) is the motion of the
agents while in contact with the object. In this
case the servo-controller of each agent should reg-
ulate the desired set-point controller of the grasp-
ing force f while following a trajectory. This can
be the pure translation of the contact points while
the agents are in contact with the object. Or, it
can be the rolling motion of the agent having for
example the following constraint on the trajectory
of the contact point:

Vg =Vy =0, =w, =0

where z,y are in tangent plane to the object at
the contact point and z is perpendicular to the
tangent plane. Or the motion can be pure sliding



of the agent on the object at the local frame where
the constraint can be describe as:

wx:wy:wzzuzzo

o Constraint work-space(i) indicates that the de-
sired motion of the agents is beyond the indicated
work-space of contacting agent. For example let
T; be the set of all points such that for all r; € R3
we have:

Ti = {ri € R? | [[tillmin < [Iill < [I7illmas}

e re-orient agent is the re-orientation of the con-
tacting agents such that the normal force are
within the friction cone at each contact point.

The above is only an example of a subset of the actual
list of events that the alphabet may contained.

A possible list of uncontrollable events can be rep-
resented as:

Y. = { no force-closure, unstable contact }

To construct a supervisor for G, a description of
the desired or legal behavior of G should be defined.
For example, the following can be a sub-set of such
behavior for this example:

(i) agents(i) where i = 1,2,3 should approach the
object before agent(4).

(i) only two consecutive attempts are allowed for re-
locating agent four.

(iii) if the local slip occurs after the forces are applied,
two attempts of the agents are allowed to adjust
for the grasping forces.

Figure (2) shows a partial expansion of the legal
description (i). This partial expansion is in the form
of a finite-state automata which is required by the
formalism. All the possible legal behavior of GG can be
expanded similar to Figure (2).

The control problem we are interested in requires
that the supervisor § must impose the legal behavior
or the largest controllable subset of legal behavior on
G. Thus we need an automaton that recognizes only
the desirable sequences as described by E. In addi-
tion we need a set of control rules that will indicate
whether or not a given event at the current state of
the plant is enabled or disabled. A supervisor that
will solve our problem can be constructed as follows:
first, we compute sup C(F, G), the largest controllable
sublanguage of F; then we define a supervisor that en-
sures that only those strings and all those strings of G

1a3,cb3

Figure 2: First specification of the legal behavior as a
finite-state automata.

that are in this controllable sublanguage are permit-
ted to occur. The minimally adequate language A will
capture error-free executions of the task.

4 Discussions

This paper presented an overview of an extension
of a modeling approach for controlling discrete-event
systems. The main motivation for such extension is to
point-out the lack of any formalism in the literature in
the area of intelligent planning. Through the propose
extension it may be possible for such formalism to be
developed where the synthesis of controlled planning
can be investigated.

One of the main challenges of such formalism is the
description of any legal behavior of the multi-agent
system in the form of finite-state automaton. In ad-
dition, as it was pointed-out the set ¥ which can de-
scribe the possible events can be some-what arbitrary.
Hence, part of the synthesis of the developing a super-
visor 1s the determination of suitable set of events and
the legal behaviors. Whenever verbal and/or mathe-
matical specifications must be translated into a lan-
guage (such as finite-state machines) used by the for-
malism, there is always the challenge of ensuring the
error free translation.

A software tool called TCT[13] can be used to cal-
culate all the description of the proposed extensions
such as determining the sup C(E,G). Other tech-
niques such as the approach proposed by [14] can be
used to calculate the supervisory model proposed in
this extension. For example, the work by [14] presents
the control synthesis using technique of Binary Deci-
sion Diagrams. Future works are to study and analyze
the supervisor proposed in this paper based on vari-



ous definitions of legal behaviors, uncontrollable and
controllable events defined in a given 3.
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