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Abstract. Teams of land-based, airborne, or submerged robots consti-
tute a new breed of robotic systems for which the issue of controlled
behavior arises naturally. In this paper, we model the dynamics of a re-
configurable (adaptable) robot team within the formalism of the discrete
event system framework from control theory. The adaptation to be han-
dled is one or more robots switching offline. This paper presents a novel
method for learning and verification following adaptation — to restore
supervision and assure the behavior of the team.

1 Introduction

Adaptability is key to survival in dynamic, real-world situations. Successful task
achievement must be accomplished by graceful recovery from unexpected cir-
cumstances, e.g., by “steering” a system back on course to achieve its mission
despite failures. The contribution of this paper is in presenting a novel, prac-
tical method for multi-robot systems to adapt “safely,” i.e., to remain within
the bounds of specified properties that ensure successful task completion. We
assume that a Finite State Automaton (FSA) models the behavior of an indi-
vidual robot. To capture the collective behavior of a robot team whose com-
position changes, we construct an event-varying Discrete Event System (DES)
as the team’s model. To control the natural behavior of such DES, we follow
the approach of supervisory control theory [10,13,17]. Adaptation is achieved
with machine learning, behavioral assurance is tested with formal verification, in
particular, automata-theoretic model checking [11], and recovery is ensured via
a novel pair of algorithms. The primary focus of this paper is on formalizing and
implementing an approach to successful recovery. In particular, we explore how
a reconfigurable robot team can recover effective supervisory control to ensure



task achievement when faced with unexpected robotic failures or re-grouping,
i.e., a shift in the team composition. This paper presents a substantial extension
of the earlier research of Kiriakidis and Gordon reported at FAABS’00 [9].

Note that the method of supervisory control of DES addresses a number of
related problems, albeit on the typical assumption that the system is fixed and
known [3, 15, 16]. At present, the literature offers only a few works on adaptive or
robust supervisory control to tackle the problem of uncertainty in the DES model
[2,12,18]. Furthermore, although this prior work advances the development of a
theory for uncertain DES, the literature lacks any design methods for emerging
engineering applications. Here, we present a practical engineering method that
has been tested on a team of robots.

There are numerous important potential applications of our approach. One
example is teams of planetary rovers that adapt to unanticipated planetary con-
ditions while remaining within critical mission parameters. Another example is
automated factory robot teams that adapt to equipment failures but continue
operation within essential tolerances and other specifications. As a third ex-
ample, supportive groups of automated military equipment transport vehicles
would require both flexibility and behavioral assurance. Finally, consider the ap-
plication of groups of robots for hazardous waste cleanup. This is yet another
example illustrating the need for both responsiveness to failures and behavioral
predictability.

2 Problem Formulation

In this paper, we consider robots that, in addition to equipment (e.g., sensors)
necessary to carry out tasks, comprise a receiver and transmitter device as a
means of communication with a coordinator (supervisor). We shall refer to a col-
lection of robots that are collaborating with a common coordinator as a robotic
group. The coordinator shapes the group’s collective behavior by imposing coop-
eration between individual robots. In turn, cooperation implies that the robotic
group possesses a set of desired properties, characteristic of its functionality. For
example, a desired property of a delivery system whose function is to transport
an object from point A to point Z is that delivery at Z eventually follows delivery
at A.

In general, the robotic group may be operating on its own or as part of a
larger system of peer groups. To model a particular group, we recognize that
its behavior is associated with two classes of events. First, there are events that
describe, in a well-defined sense, the tasks that each robot executes. The coordi-
nator can manipulate those events to ensure multi-robot coordination. Second,
there are events unpreventable by the coordinator such as when individual units
(robots) switch coordinators or fail during operation. To update the state of the
robotic group, the supervisor needs to know the event that a robot has just ex-
ecuted in order to identify its current task or determine that it has gone offline.
Moreover, the structure of the event-driven model needs to be able to capture



the new situation when the coordinator loses (or gains) a robot. To provide for
this, we shall assume a model that is also event-varying.

In this paper, we are going to focus our attention on the behavior of a robotic
group and address the problem of maintaining the desired properties of the group
in spite of unavoidable events. We shall employ the theory of automata, express
each desired property as a sequence of events, and embed the resulting sequences
in a desired language. To guarantee the desired language, we synthesize the
group’s coordinator, in the context of the supervisory control method [1,14], so
that it adapts to changes that have occurred in the group.

3 Formally Modeling a Reconfigurable Robot Team as an
Event-Varying DES

Each robot has autonomy to complete a task (e.g., to transport an object from
point A to point B). A robot is in a certain state, s, while a task is occupying
it or it is waiting to start a new task. An event, o, occurs when a robot starts a
new task; thus, events coincide with state transitions. Before it starts a task and
after it has completed one, the robot normally notifies the supervisor. Upon the
completion of its current task, a robot is ready to execute another event.

The supervisor/coordinator decides which events are enabled and accordingly
notifies the robots. Clearly, these events constitute an observable and controllable
model. There are also uncontrollable events. A robot may be unable to start or
finish a task. For example, a unit may have broken down or started to collaborate
with another supervisor. These uncontrollable events are not part of the model
per se, but their occurrence necessitates changes in the model. These events,
however, are observable. If a robot starts to cooperate with another group, it
will notify its old supervisor. For a robot that has broken down but is unable to
notify its supervisor, the supervisor will assume that the robot is offline after a
certain amount of time has elapsed.

Let us formalize the modeling of a robot group using the DES framework. The
basic DES framework was developed in Ramadge and Wonham [14] and is further
explained in [10]. We extend the basic framework here to handle uncontrollable
events where robots may go offline. Each unit (robot), ¢, has its own alphabet,
XY, which comprises controllable events (its actions) only, and each admits an
FSA model, G;, i€Zys, where Ty is an index set and M the number of units in
the group initially. We also define the group alphabet, ¥ = [|JZX;. Formally,
an FSA is a quintuple G = (X, X, 4, 9, X;n) where X is the set of states, § the
transition function, so the initial state, X,, the set of marked (task completion)
states. Strings in the the language if G, L(G), and strings in the marked language
of G, L, (G) (i.e., strings terminating in a marked state), are sequences of events.
Marked states signify task completion. To take into account that robots may go
offline, we define the FSA A, that is based on the following alphabet of all the
uncontrollable events:

Iv=1{\ 1, €Ty, where k€T, ik:}éikl for k,‘:/ék", kIEZN}
k



where N<M is the maximum number of units that may go offline. The oc-
currence of the event )\;, coincides with the loss of the robot number i;. In
accordance with the FSA A, each uncontrollable event occurs only once. After
the event A;, the robotic group comprises only M — k robots.

Before any uncontrollable event occurs, the natural language of the robotic
group stems from the following parallel composition:*

G. = G1||Gal|. . |G

where € is the empty string. When an uncontrollable event occurs, the parallel
composition changes. After the uncontrollable event A;,, i1€Zp, occurs, the
model becomes

G}\ = G1||||G11—1||G11+1”||GM

Upon the occurrence of the uncontrollable events A;,, ..., A;,, where k<N,
the respective models are as follows:

i1

Grisnig = (G Iaigs -+ Gaigooni, = (G oni, i, (1)

Let 7 be a string of events in the language generated by A, i.e., reL(A)
identifies a sequence of units that goes offline. Then, the set of all possible models
G = {G, | reL(A)}. Consider the FSA-valued function G : (YUX))*—G, where
for the empty string, €, the model of robotic group G(¢) = G. Suppose a string of
events qp€(XUX))* includes the string of uncontrollable events 7, = A;; ... Ai, -
Then, the occurrence of an event o affects the group’s model as follows:

Gla), 0¢ %
Glao) = { G 7E 0

k

for k =1,..., N—1. This event-varying DES captures the changes in the behavior
of the robotic group as individual robots go offline.

4 Adaptive supervisory control

As mentioned earlier, the coordinator of a robotic group restricts the group’s
natural behavior in order to ensure that the group possesses certain desired
properties. In the context of supervisory control, the coordinator accomplishes
this by specifying and executing the desired language. In Section 2, we intro-
duced the notion of the desired language as one that guarantees a set of desired
properties. Let Py,..., Py and D denote the FSAs of desired properties and the
current desired language, respectively. The current desired language, L(D), sat-
isfies the set of desired properties, P = {P,..., Pr}, iff L(D) C L(P;), for each
i€y, or, for brevity, L(D) C L(P). The languages L(D) and L(P) consist of
strings with events in the alphabets X C X and X% C X, respectively.

! Because the alphabet X; may be different for each robot i, this parallel composition
is a shuffle product [14].



Before any uncontrollable event occurs, L(D,) is the set of all allowable action
sequences for the robotic group G.. In general, the initial desired language FSA,
D, is constructed by an expert engineer. First, the desired language must be
such that L(D.) C L(G,). Second, it ought to satisfy each desired property, P;
i€Zy,. For example, P; might state that an object that has been picked up must
eventually be delivered. Third, the expert engineer may require that the initial
desired language meet performance criteria more specific but less essential than
the desired properties. Without supervision the robotic system may be unable
to satisfy the desired properties, for, in general, L(P) C L(G,).

Based on the event-varying DES that models the robotic group, we propose
a learning algorithm to modify the desired language specified to the supervisor
after each occurrence of an uncontrollable event. Upon execution of the uncon-
trollable event JA;, , the learning algorithm removes the events that pertain to the
i1-th robot from the desired language FSA, D.. In turn, the algorithm repairs
the resulting (possibly fractured or disconnected) FSA and yields a candidate de-
sired language. A verification algorithm checks the candidate in order to ensure
that the desired properties, P, are still valid. For verification, we use the method
of Automata-Theoretic (AT) model checking [11]. In brief, AT model checking
assumes D and P are expressed as FSAs, and it checks whether L(D) C L(P).

If the verification is successful, then the candidate is indeed a desired lan-
guage, whose FSA we denote as D), . Clearly, it holds that L(D,, ) C L(Gy,, )-
If the verification fails, we resort to an alternate learning algorithm that results in
a smaller language, which, however, guarantees the desired properties. The pro-
cedure above repeats itself during a string of uncontrollable events r and, thus,
generates a succession of desired language FSAs D = {D,. | reL(A), 0£L(D,) C
L(P) and L(D,)CL(G,)}. The supervisor synthesis step derives from the follow-
ing result.

Proposition 1. Consider the event-varying DES (1) presented in Section 3, and
the succession of desired languages D. Suppose that the supervisor for (1) is the
FSA-valued function S : (¥UX))*—D where S(¢) = D, and

S(awo) = { 0 78D &)

Then for k= 1,...,N — 1, the supervised language L[G(qx0)||S(qro)] C L(P).

Proof: Consider the desired language L(D,) for each reL(A). First, from the
hypothesis, L(D,) is non-empty and L(D,)CL(G,). Second, L(D,) is prefix
closed, i.e., pr[L(D,)] = L(D,), for it is a generated language [1]. Third, L(D,)
is controllable with respect to L(G,), for there are no uncontrollable events
in L(G,). Then, for c€X), the supervisor in (2) yields L[G(qx0)||S(qro)] =
L(D,,s); see [10]. Similarly, for ¢ Xy, L|G(qx0)||S(gro)] = L(Dy,). ]

5 Adaptive supervisory control

This section addresses the situation wherein the robots must adapt. As men-
tioned earlier, the coordinator of a robotic group restricts the group’s natural



behavior in order to ensure that the group possesses certain desired properties.
In the context of supervisory control, the coordinator accomplishes this by spec-
ifying and executing a desired language, i.e., one that guarantees a set of desired
properties. Let P and D denote the FSAs of a desired property and language,
respectively. Then, a desired language, L(D), satisfies a set of desired properties,
P=A{P,..., P}, iff L(D) C L(F;), for each i€Z;,. This is ensured initially by
formal verification.

Based on the event-varying DES that models the robotic group, we propose
a learning algorithm to modify the desired language (which is used to gener-
ate the supervisor) after each occurrence of an uncontrollable event. At first,
the desired language satisfies: L(D.) C L(G.). Upon execution of the uncon-
trollable event );,, the learning algorithm removes the events that pertain to
the 41-th robot from the desired language FSA, D.. In turn, an algorithm called
Maxmend repairs the resulting (probably fractured) FSA to yield a candidate
desired language that is a subset of L(G), ). A verification algorithm (model
checking) checks the candidate in order to verify that the desired properties,
P, are still valid. If the verification is successful, then the candidate is indeed
a desired language, whose FSA we denote as Dy, . If the verification fails, we
resort to an alternate learning algorithm, called Quickmend, that results in a
smaller language, which, however, guarantees that the desired properties hold,
without the need for verification again [4]. The procedure above repeats itself
during a string of uncontrollable events r and, thus, generates a succession of
desired languages D = {D, | reL(A), 0#L(D,) C L(P) and L(D,)CL(G,)}.

Figures 1 and 2 show our algorithm Maxmend for repairing the FSA D
following learning. Our motivation in designing this algorithm was a desire to
preserve as much of the original FSA as possible, including preserving the order
of transitions. In these figures, Wﬁe(s) is the set of all pre-learning successor
states of state s in FSA D, sz(’,st(s) is the set of all post-learning successors of
s, 51’926(3,0) is the particular pre-learning successor of state s for event o, and
65 51(s,0) is the post-learning successor of s for event 0. Also, T is the set of
all pre-learning events, Eﬁst is the set of all post-learning events, and X% is the
set of events deleted by learning. In other words, D, = D\ 2. Finally,
X7 is the set of all states in the FSA D.

Let us now proceed to describe procedure Maxmend in words. Prior to calling
procedure “repair-method” (Figure 1), variable “visited” is initialized to false
for every state in the FSA. Procedure repair-method is then called with the
initial FSA state as parameter s. Procedure repair-method does a depth-first
search through the set of all states that are accessible from the initial state
after learning. For each state visited on the depth-first search, “visited” is set to
true so that it is not re-visited. Each state s that is visited which has no post-
learning successors is considered an “unlinked-vertex.” In this case, procedure
“find-linked-vertex” (Figure 2) is called to find the first pre-learning descendant
of the unlinked-vertex that has a post-learning successor. This descendant is
considered to be the “linked-vertex.” Procedure “copy-connections” (Figure 2)
sets the successors of the unlinked-vertex equal to the successors of the linked-



procedure repair-method (s)
visited(s) = true;
if (( Zpast(s) == 0) and
(2. (s) # 0)) then {
unlinked-vertex = s;
linked-vertex = 0;
for each 7 € X do {
if (62.(s,7) # 0) and
(05 (s,7) # 5)) then {
for each s’ € XP do
visited2(s') = 0;
od
find-linked-vertex(d .. (s, 7));
exit for-loop; } }
fi
od
if ((linked-vertex # 0) and
(linked-vertex # unlinked-vertex)) then
copy-connections(unlinked-vertex, linked-vertex); }
fi
fi
for each o € Z’ﬁ,st do
if ((visited(054:(s,0)) == false) and
(6121315(3’0') 5& 0)) then
repair-method(d.),.:(s,));
fi
od
end

Fig. 1. The algorithm Maxmend for FSA repair with verification.



procedure find-linked-vertex (s)
visited2(s) = true;
for each o € X5, do
if (65s:(s,0) # 0) then {
linked-vertex = s;
exit-for-loop; }
else if ((6).(s,0) # 0) and
(visited2(07(s,0)) == false)) then
find-linked-vertex(8,)..(s, 0));
fi
od
end

procedure copy-connections (s1, s2)
for each o € Eﬁ,st do {

6}2731&(517 o) = zgwt(sz’ o);

if (655:(s2,0) == s2) then

0 si(sl,0) = s1; }

fi
od
end

Fig. 2. The subroutines of the Maxmend algorithm for FSA repair.



vertex for all post-learning events. If time permits, following this repair method
the FSA may be simplified by removing unused (i.e., inaccessible) states and
grouping states into equivalence classes using a state minimization algorithm

[8]-

procedure repair-method (s)
visited(s) = true;
for each o € Eﬁe do
if ((6pre(s,0) # 0) and (visited(dp.(s,0)) == false)) then
repair-method(d,)..(s,0));
fi
od
if (ZLs:(s) ==0) then
for each s’ € XP do
for each o € Z‘ﬁ,st do
if (657s:(s',0) == s) then
Jﬁst(slaa) =0
fi
od
od
fi
end

Fig. 3. The algorithm Quickmend for FSA repair without verification.

The disadvantage of this repair algorithm is that it requires re-verification
to be sure the resulting FSA still satisfies the property after the repair has been
done. The reason that re-verification is required is that the process of mending
(repair) adds new FSA transitions, which results in new strings of events. There
is no guarantee that these new strings will satisfy the desired properties. In
the event that re-verification fails, i.e., it indicates that the property has been
violated, we propose the following alternative.

Figure 3 shows the Quickmend algorithm for repairing the desired language
FSA after learning occurs. Prior to calling the algorithm of Figure 3, “visited”
is initialized to false for every state in the FSA. Procedure “repair-method” is
then called with the initial FSA state as parameter s. Procedure repair-method
does a depth-first search through the set of all pre-learning states that are ac-
cessible from the initial state, and “visited” is set to avoid re-visitation. When
the algorithm has visited all states, it pops the recursion stack to re-visit the
states beginning with the last (i.e., it then visits the states in reverse order).
For each state s visited in reverse order, the algorithm tests whether s has any
post-learning successors. If not, it deletes all post-learning pointers to that state.
Optionally, the FSA may be further simplified, e.g., by removing unused states.



Time complexity analyses of these two novel algorithms Maxmend and Quick-
mend may be found in [5-7]. Once a satisfactory desired language is found, auto-
matic generation of a new supervisor follows the method of [10, 14]. This results
in effective recovery of supervisory control, as well as preservation of properties
that ensure task achievement.

6 Application to a Delivery System

In the laboratory, we tested the adaptive supervisory control approach on a
delivery system that comprises a group of three mobile robots (G1, G2, and
Gs), as well as a coordinator (supervisor). The coordinator consists of a field
computer, which stays near the group and executes the supervisor’s automaton,
and a main computer that devises the automaton and uploads it to the field
computer. The goal of the robotic group is to deliver a number of objects from
location A to location D. A set of sensors allows each mobile robot to detect
the object (e.g., a puck) and find the location to deliver it. The communication
between the main and field computers, as well as the field computer and each
robot, is based on infrared transceivers.

Each robot has autonomy to complete a task, but it needs the coordinator’s
authorization before it starts a new task. The job of the coordinator’s field
computer is to disable certain state transitions (events) and enable other events
in order to constrain the group’s natural language so that it satisfies the following
desired property:

P: If Gy picks-up, then G will eventually deliver.

Completion of the task originally involves coordination of all three of the
robots. We then simulate the failure of robot G5. Despite this failure, the adap-
tive supervision method described in this paper guarantees that the above de-
sired property is preserved, i.e., the task is successfully completed. In summary,
using the method described in this paper, the robotic group adapts and also
meets its objective.

7 Conclusions and Future Work

This paper describes a practical method for the modeling and control of teams
of robots, despite dynamically changing team composition. The method consists
of applying learning to adapt to the situation of units going offline, followed by
algorithmic revisions and verification of the desired language FSA, which is used
for supervisory control. The practicality of our method has been demonstrated
on a team of actual robots under supervision.

Future work will extend the current approach to handle the case of new units
dynamically joining a team (i.e., added units). In parallel, we will continue to
validate our approach on a variety of real-world applications.
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