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Abstract

In this paper, we present and discuss a distributed
scheme for multi-robot cooperation. It integrates mis-
sion planning and task refinement as well as coopera-
tive mechanisms adapted from the Contract Net Pro-
tocol framework. We discuss its role and how it can
be integrated as a component of a complete robot con-
trol system. We also discuss how it handles distributed
task allocation and achievement as well as cooperative
reaction to contingencies. Finally, we illustrate its use
through a simulated system, which allows a number of
robots to perform load transfer tasks in a route net-
work environment.

1 Introduction

This paper presents a new multi-robot cooperative
scheme based on a combination of local planning and
negotiation for task allocation and cooperative reac-
tion to contingencies. It is built on the assumption
that, in a complex system composed of several au-
tonomous robots equipped with their own sensors and
effectors, the ability of a given robot, to achieve a given
task in a given situation can be best computed using a
planner. Indeed, we claim that the robots must be able
to plan/refine their respective missions, taking into ac-
count the other robots’ plans as planning/refinement
constraints, and thus producing plans containing co-
ordinated and cooperative actions that ensure their
proper execution and will serve as a basis for negotia-
tion.

In the last decade, various studies have been made
concerning the field of multi-robot systems [4]. We
restrict our analysis here to contributions propos-
ing cooperative schemes at task level. Indeed, sev-
eral generic approaches have been proposed concern-
ing goal decomposition and task allocation (Contract

Nets [15], Partial Global Planning [5]), distributed
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search [6], negotiation [10, 14, 8], motivational behav-
iors [12, 7]. Cooperation for achieving independent
goals has been mostly addressed in the framework of
application-specific techniques such as multi-robot co-
operative navigation [17, 3].

We argue that as the robotic systems become more
sophisticated, so the range of possible tasks increases.
Thus we need more flexible and generic approaches
to describe and perform task planning, decomposition
and allocation in multi-robot environments. In this
paper, we present a decentralized system, called M+
protocol. This protocol, in allied to the LAAS archi-
tecture [1], can be used in a wide range of multi-robot
applications. The scheme allows the achievement of
a cooperative mission. It has the capacity for on line
task decomposition, (re)planning and (re)allocation.
Each robot has reasoning, decision and reactive capa-
bilities.

In our scheme, every robot receives the same mis-
sion. A mission is a set of partially ordered tasks,
where each task (7}) is defined as a set of goals to be
achieved. Each robot has its own local knowledge of
the world. In accordance with its context and capa-
bilities it plans and decomposes the tasks into a set of
actions (4;). The execution of these actions achieves
the goals of the corresponding tasks. Figure 1 shows
a simple mission and the planned actions (by the dif-
ferent robots) that achieve one of its tasks.

The tasks are allocated (and re-allocated when nec-
essary) incrementally by the robots, through a nego-
tiation process. This negotiation is combined with a
task planning and cost estimation activity which al-
lows each robot to decide its future actions taking into
account its current context and task, its own capaci-
ties as well as the capacities of the other robots. In
order to take into account the current and short-term
context, anticipation is limited to one task ahead for
each robot. This allows, whenever possible, an over-
lapping between the execution of the current task for



TL T
@= v (> v
:, <::> :' World
State
AI=A2>A3 >A4 A1;A3> A4= Robot2
A2

>3
World State
Robot1

Global World
State

Global World
State

Figure 1: The mission and the set of actions that each
robot plans to achieve task 75

a robot and the planning and task allocation of the
next task.

The proposed scheme is also designed to provide,
when necessary, a cooperative reaction to contingen-
cies. Whenever the execution of a task fails due to
some unpredictable problems that prevent a robot
from achieving the task, it first tries to find another
set of actions that can achieve the current goal(s). If
it fails, it requests help from the other robots. When a
robot receives a request for help, it tries to find plans
of cooperative actions in order to achieve its current
goal(s) in conjunction with those of the failed robot.

Note that M+ is devised to be utilized at a level
where one can assume that the robots should be able
to achieve the tasks by their own. However, and this is
a key aspect in robotics applications, we do not need
the robot planners to avoid resource conflicts. Another
cooperation scheme can be used in conjunction with
M+ at a lower level: the Plan Merging paradigm [13].

We shall introduce a more formal presentation of
the method for describing the world state and the ac-
tions in section 2. The developed architecture, and the
M+ protocol are presented in section 3 and 4, respec-
tively. Section 5 presents the multi-robot application
on which we tested and validated M+.

2 The World State Description

The state of the world is described through
attributes. An attribute has the description:
(ATTRIBUTE a) : (x,v), where a is the name of the
attribute, x is the name of the object on which the at-
tribute 1s applied, and v is the value of the attribute.

The state of the world can be described by a state
vector composed of instantiated attributes. The sys-
tem maintains three data structures: (1) Sy, the cur-
rent state vector (2) IAS,, the intentional action
state vector corresponding to the expected state of
the world at the end of the current action, and (3)
IT'S,, the wntentional task state vector corresponding

to the expected state at the end of the current task.

We point out that the robots can have different
world states, since each robot has its own local knowl-
edge.!

3 The Architecture

The M+ cooperative system was developed to be
integrated using the LAAS Architecture [1] where the
decistonal system can be composed of several layers.
Each layer comprises two entities: a planner and a
supervisor. The planner produces the sequence of ac-
tions necessary to reach a given goal. It is used as
a resource by the supervisor which actually interacts
with the next layer, controls the execution of the plan
and reacts to incoming events. This paradigm con-
sists in guaranteeing a bounded reaction time for a
response to an event (possibly after the reflex reaction
already taken by the functional and execution control
levels).

We have utilized the M+ cooperative system as a
Task Layer on top of a action layer (see Figure 2) for
autonomous robots. The action coordination layer is
capable of planning and executing cooperative naviga-
tion actions[1] as well as simple manipulation actions.
It also includes a cooperative mechanism of a differ-
ent nature, specially designed for solving resource con-
flicts: the Plan-Merging Paradigm [1].
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Figure 2: A cooperative task layer

Action Layer

The new Task Layer is installed on all robots and
is in charge of the negotiation mechanisms described
in this paper. It receives a list of tasks (a set of goal
attributes), from a higher level called Mission layer.
A mission can be generated by a very high level cen-
tral planner, in our case IxTeT [11], or it can be sent
directly by one or several users.

'Tn fact, every world description is associated with a spe-
. R; R;
cific robot. Thus, we have 51],,{’, Sw”?, where Sﬁ’ # Sy’ In
this paper we omit the robot index, in order to simplify the
presentation.



This layer is composed of two entities: a task plan-
ner and task supervisor implementing the M+ proto-
col. Its has been implemented in PRS [9]; its different
components run as tasks inside PRS and communicate
through its database.

From time to time, the task supervisor will submit
plan requests to the task planner. M+ will then use
the obtained plan to compute an associated cost that
will serve as a basis for negotiation.

In the current version we use GraphPlan [2] as the
standard planner. The main reason why we have cho-
sen GraphPlan is that 1t is sufficiently fast to allow
on-line planning activities. Moreover, the fact that
GraphPlan finds the plan with the smallest number of
steps allows us to have a reasonably good idea of the
estimated cost of a plan.

In the next section we will describe the M+ protocol
in more details.

4 The M+ Protocol

The M+ Protocol embeds three activities: M+ task
allocation, M+ cooperative reaction to contingencies
and M+ task execution. The M+ task allocation is
in charge of task refinement and allocation. It em-
beds the negotiation mechanisms which allow a robot
to choose incrementally the best task to be executed
taking into account the current context. We use an
adapted version of the Contract Net Protocol [15] for
the negotiation.

The M+ cooperative reaction activity is invoked
when a failure occurs during task execution; it updates
the world state, manages the exchange of information
between the robots and controls the (re)planning and
requests for help.

Finally the M+ execution is in charge of task exe-
cution control as well as distributed synchronization
between robots tasks and actions.

The following sections present the three activities in
more details.

4.1 M+ Task Allocation

Each robot receives the same mission description,
i.e. the same set of partially ordered tasks. At any
moment a task is said to be erecutable if all its an-
tecedents are already achieved or under execution. As
we will see below (§4.3), the robots are informed when-
ever a robot announces a first offer to perform a task,
and whenever a task is started or finished.

The M+ Allocation Task mechanism allows the
robots to incrementally choose a task to perform
among the current executable tasks. We limit the ne-
gotiation and planning to the set of executable tasks

because, in general, a plan to perform a task may de-
pend on the state of the world resulting form the pre-
vious tasks. The choice criteria will be the costs of
the plans elaborated by different robots depending on
their capabilities and situations.

Figure 3 shows the M+ task allocation state dia-
gram. There are 5 possible states: plan, eval-sharing,
candidate, best-candidate and idle.

A robot R; enters the eval-sharing state whenever
there is an update in the set of executable tasks and it
is ready to negotiate a new task. It invokes the planner
(1) in order to elaborate plans for the executable tasks
and to estimate their costs (2). Then, R; compares its
costs to offers announced by other robots. It then
selects the task of the lowest cost that it can perform
and whose cost i1s better that the cost announced by
other robots, if any.

If there is no such task, R; enters the idle state (7).

If a task T} is selected, R; enters the candidate state
(3). There are two possible cases:

1. if Ty has not yet been selected by another robot
(no robot has announced a first offer to perform
it) R; robot broadcasts® a “first offer” announce-
ment message to inform the other robots of its
ability to perform 7} at a given cost C,i. Be-
sides, R; will become responsible for all messages
routing concerning 7. It then enter the best-
candidate state (5).

2. Ty has already been announced by another robot
(let R; be such robot). R; has still the possibility
propose to R; a best offer. This will true until R;
begins to execute the task. R; sends its offer to
R; and waits for an answer. The answer can be
positive, meaning that R; accepts to transfer T}
to R;. R; will then enter the best-candidate state
(5). Note however that R; will stay in charge of
all messages routing concerning 7j. The answer
can also be negative, meaning that another robot
Ry has already made a better offer to R; or that
the execution of T} has already been started. R;
will then abandon T} and enters the eval-sharing
state in order to select a new task (4).

When a robot R; enters the best-candidate state for
a given task T} , it stays in this state until either it
begins T} execution or until it receives a best offer
from another robot, or until it abandons 7} due to a
failure or to a cooperative reaction (6). It then enters
the eval-sharing state in order to select a new task.

2This message, called “first offer” is broadcasted in a crit-
ical section, in order to guaranty that there is only one robot
performing such transition. See §4.4.



When a robot is in the idle state, it stays in this
state until there is a change in the set of executable
tasks (8); this can be the result of a message signaling
that a task has been started, or abandoned or the
reception of a new mission.

e
e @ BEST
@ CANDIDATE
@

;

Figure 3: The task allocation state diagram
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4.2 M+ Cooperative Reaction

The M+ scheme provides also for cooperative robot
behavior in case of execution failure. When a problem
occurs that prevents a robot R; from achieving a task
Tk, 1t first tries to re-plan in order to find another set
of actions to achieve T} starting from the new state
resulting from the failure. But if R; does not find a
new plan, it sends relevant information with an request
for help to the other robots and waits. If several robots
propose their help, R; will select the best offer. R; will
abandon T} only if it receives no help offer.

The “help context”: In nominal situations, a
robot maintains only the information associated with
itself and with the goals corresponding to each task
executed by the other robots.

Thus, whenever a robot R; decides to give help to
robot R;, it needs more information about R; current
state in order to elaborate a plan that achieves the
conjunction of goals of R; and R;.

Let us assume that R; current task is 7j while R;
current task is 7.

In order to select the relevant information that
should be sent together with a request for help, R;
selects from 1its current world state all attributes that
have a relation with the goal expressed by Ty. If
(ATTRIBUTE; name) : (object;value) is included in
goal expressed by T}, the M+ protocol will select from
R; current world state all attributes that have object
in the object or value field, as well as the attributes
that have R; itself as object or value. It will then issue
a request for help message (see Figure 4).

When R; decides to process a request for help mes-
sage issued by R;, it tries to elaborate a new plan
which satisfies the conjunction of goals expressed by

Ri
REQUEST_HELP(Tk)(Ri) '
all

Rm
OFFER_HELP(Tk)(Rm)(Cmk)(Amk)

Ri

Ri
NO_HELP(Tk)(Ri)(Ckj)
Rm

OFFER_HELP(TK)(Rj)(Cjk)(Ajk) “
Ri

OK_HELP(TK)(Ri)(Cjk)

Figure 4: The request for help after failure

T} and Tj. If R; succeeds in elaborating such a plan,
its estimates cost and sends an offer of help to R;.
Note that this plan may contain intricate actions in-
volving R; and R;.

After a timeout, R; collects the offers of help (if
any) and chooses the less expensive. It then informs
the robot that has been chosen. If no offer has been
provided, R; abandons its task.

4.3 M-+ Execution

M+ Execution is in charge of task execution control
as well as distributed synchronization between robots
tasks and actions.

In “nominal situations”, there is only a need for
synchronization at task level: this is achieved using
two message types. The M+ task controller of a given
robot broadcasts a message to all robots whenever it
starts or finishes a task.

The start messages will be used by the different
robots to update their sets of executable tasks. The
messages signaling the achievement of a task 7T; will
allow the other robots to start tasks that are succes-
sors of T}, in the mission description.

M+ Ezecution is involved in action synchronization
only when a cooperative reactive to contingencies be-
tween two robots is running; synchronization messages
are the exchanged only between the two robots in-
volved in the cooperation.

4.4 System Coherence

The system coherence is obtained through the fol-
lowing premises:

e Only one robot is allowed to issue a “first offer”
broadcast for a given task. This is made possible
because the robots broadcast such message in a
critical section, protected by a distributed imple-
mentation of a global semaphore [16].

e For each task T}, the robot which has issued the
first offer, becomes responsible for all messages



Figure 5: An example of the simulated environment.

routing concerning 7j. This allows the main-
tenance of coherent information concerning that
task during the negotiation process without the
need of broadcast messages or semaphores.

e Each robot maintains its own coherence; for ex-
ample, at the level of each robot, there is only one
planning activity at a time.

5 An Implemented Example

A first version of the M+ protocol has been imple-
mented. We describe below an illustrative example
of its use. The system involves three simulated mo-
bile robots mobile manipulators (Rg, R; and Rs) that
achieve load transfer tasks. Each robot control sys-
tem runs on an independent Sun workstation which
communicates with the other workstations through
TCP/IP.

The environment is composed of open areas con-
nected by lanes. The open areas contain “stations”
where the robot have to dock in order to pick-up or
put-down containers (see Figure 5).

The available actions are: pick-up-from-station,
put—down-on-station, pick—up—-from-robot,
put-down-on-robot and go-to. An instance of a
task is to transfer a container C), from station S, to
station S,.

Figure 6 shows an overview of a result of a run
involving three simulated robots. When the system
starts, the 3 robots receive a mission composed of a
set of 10 partially ordered tasks.

The left side of the figure shows a directed acyclic
graph which gives the partial order between tasks:
Ty < T3, Th < T3, Ty < Ty, Ty < Ty, T3 < T35, and
1y < 1 where ‘<’ means ‘before’.

The right side of the figure shows the temporal evo-
lution of the tasks. One can see the evolution of the
10 tasks during time, their state as well as the role of
the different robots.

Each robot has a specific color: black (Ry), gray
(R1) and dark gray (R2). The task are represented in
thee different states: Done (when the task has not yet
been chosen by any robot or is finished), Wait ( when
the task has already been allocated by a robot), and
Exec (when it is under execution).

After a while corresponding to an intensive planning
and negotiation activity: Ry chooses and begins to
execute Ts, Ry chooses Ts and Rs chooses T7.

After having started execution, the robots start, by
anticipation to negotiate their future actions: for ex-
ample, Ry chooses T3 while executing 75.

One can observe the result of two re-allocation ne-
gotiations (shown by ellipses) for the tasks Ty and T5.

Let us comment the first one: “R; finishes 75, be-
gins Ty and allocates Ty; this is possible because Ty
and 77 have already been achieved. While executing
T3, Rs finds itself in a situation when it can make a
better offer for Ty. R; accepts the offer and start a
search for a new task”.

We can also observe the result of a cooperative reac-
tion (emphasized by a rectangle): “R; detects a failure
while executing T5; it cannot find a corrective plan by
its own; it issues a request for help and receives an
offer from Ry. 1% is successfully achieved.”.

6 Conclusion

We have proposed a decentralized multi-robot sys-
tem scheme, called M+, for loosely coupled tasks plan-
ning and negotiation. It provides for distributed task
allocation and re-allocation (before execution) as well
as (partial or total) task re-allocation, planning and
cooperative task achievement after an execution fail-
ure.

We have utilized the M+ scheme to implement a
Task Layer of an autonomous Robot Control System.
This layer 1s composed of two entities: a task planner
and task supervisor implementing the M+ protocol.

A first version of the system has been implemented
and already tested in simulation. Our future work will
be to improve its implementation, to augment its rea-
soning capabilities by using more elaborate task plan-
ners and to implement it on real robots. A second step
would be to focus on the treatment of joint goals and
on on-line cooperative plan revision.
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