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Abstract

In many task-planning domains, assemblies of autonomous agents
need to construct plans and schedules for executing their assigned sets
of tasks in order to complete them. Often, there will be dependencies
between tasks to be executed by different agents. In such a situation,
a plan-coordination problem arises when the joint plan is required to
be feasible, whatever locally-feasible plans the individual agents come
up with. This problem can be solved by plan decoupling, which is
to add a minimum number of constraints such that each agent can
make a plan for its set of tasks independently of the others while
still joint-plan feasibility is guaranteed. Previous work on plan de-
coupling concentrated on a coordination framework where the only
dependencies between tasks are precedence constraints. In this paper
an extension of the framework is discussed where not only precedence
constraints, but also synchronisation constraints can be used in order
to express qualitative temporal constraints between tasks. It is shown
that adding synchronisation constraints does not add any complexity
to the plan-decoupling problem, and that a previously-developed ap-
proximation algorithm for plan decoupling can be extended to cope
with synchronisation constraints as well.



1 Introduction

A plan-coordination problem arises whenever a complex task has to be solved
by a number of agents, each having to solve a part of this task. To achieve its
part of the overall task, each agent has to make a plan. The plan-coordination
problem now consists of how to ensure that these individual plans are jointly
feasible (i.e., conflict free) and achieve the total task specified. Examples of
applications where plan coordination plays an important role are such diverse
as building a house, preparing for rescue operations [8] after a disaster, and
servicing planes at an airport [11].

In general, this plan-coordination problem is a non-trivial problem. The
reason is that often the overall (complex) task consists of an interdependent
set of elementary tasks, and elementary tasks that are dependent upon each
other are assigned to different agents. Hence, although the plans of the
agents might be individually feasible, the feasibility of the plan of an agent
might become dependent upon the structure of plans developed by other
agents and the result can be an infeasible joint plan. To illustrate such a
plan-coordination problem, a simple example is discussed.
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Figure 1: A task allocation can cause agents to become interdependent.

Example 1 Consider a set of agents which have agreed on a common goal,
and have identified a high-level task JG (i.e., joint goal) which achieves this
goal. This complex task can be decomposed into subtasks ST1,STsy, which
can further be decomposed into a set of elementary tasks 11,9, 73, 74. In Fig-
ure 1(a), a very basic task decomposition is shown, although more elaborate
decomposition frameworks exist (e.g., TAMS [9]). The set of elementary



tasks is partitioned and allocated to the agents. In Figure 1(b), the result-
ing situation is depicted after assignment of tasks to agents together with the
inherited dependency constraints. Here, it can be seen that agent Ay has to
make a plan for task ™ and 14, while Ay has to make a plan for  and T3.
The problem now is how we can prevent a combination of infeasible individual
plans to occur, for example, how to prevent that agent A; chooses to com-
plete 174 before 71 and agent Ay chooses a plan where 5 is completed before
73, because the combination of those two plans will create a deadlock in the
combined plan.

In the remainder of this work, this decomposition phase is assumed to be
completed and the focus will be on solving the plan-coordination problem
that arises. Basically, there are two main approaches to solve this plan-
coordination problem: (i) by requiring collaborative actions from the agents
themselves, or (ii) by designing a suitable coordination mechanism that en-
sures feasible plans.

Quite some studies have taken the first coordination-by-collaboration ap-
proach. For example, in SHAREDPLANS [7], the collaborating agents must be
committed to both planning and doing the activity together. In GPGP [12],
the coordination mechanisms require the agents to cooperatively search for
commitments in environments where communication is always and suffi-
ciently available during task execution. Others, like [15], even propose to
manage the coordinated planning and execution of the tasks by letting the
agents keep each other informed about any changes (e.g., re-scheduled tasks).
It is clear that such approaches require cooperative agents that are willing to
inform other agents about details of their individual plans and, if necessary,
are prepared to revise parts of their plans in striving to construct a feasible
joint solution. As a consequence, however, when communication is unavail-
able, combining the individual chosen plans can easily lead to an infeasible
joint solution, even when these plans are locally feasible.

Example 2 Consider the situation depicted in Figure 1 when communica-
tion is lost. Adhering to the local constraints, agent A; might decide to
execute 74 before 11, and agent Ay might decide to execute T before 73.
Clearly, this situation leads to an infeasible joint plan due to the circular
dependency of the tasks (i.e., 1 before T, before 73 before 74 before 7).

In contrast, the coordination-by-design approach does neither assume in-
formation sharing nor collaborative actions to take place in order to achieve a



feasible joint solution. This approach ensures the existence of such a feasible
joint solution by specifying a coordination mechanism [3]. In general, such
a coordination mechanism should enable individual agents to choose their
preferred way of solving their part of the task, thereby (minimally) reduc-
ing the initial (planning) freedom of the agents. In particular, in designing
a plan-coordination mechanism we need to specify for each agent a set of
commitments that are minimally restricting, such that the combined plans
are guaranteed to be jointly feasible. Note, that this approach is especially
useful in unpredictable environments because it distributes the responsibil-
ity for the tasks to the agents, that must somehow come up with a solution
to their subproblem such that the commitments (i.e., constraints) are met.
Moreover, this approach is robust against failing communication, allows in-
dividual replanning, and additional tasks to be done by the agents while not
violating global constraints.

In this paper, we study the plan-decoupling problem, which can be de-
scribed as a coordination-by-design coordination mechanism. Basically, this
problem is to find a minimum number of constraints to be imposed on the
tasks given to the agents in order to prevent all possible conflicts before the
agents construct their plans individually.

In some previous work [2, 18], the main features of this approach have
been studied in a framework that only allowed precedence constraints as
dependencies between elementary tasks. The main outcomes of these stud-
ies concerned the computational complexities associated with constructing
minimum plan-coordination sets.

In this paper, we will extend this previous work on plan decoupling in
the following ways. First, the framework will be extended by representing
tasks as a tuple of time points and allowing both precedence and synchro-
nisation constraints on these time points. This will allow us to represent
all qualitative-temporal constraints on the tasks. Second, the computational
complexity of the plan-decoupling problems in this extended framework are
determined. Finally, a polynomial-time approximation algorithm suitable to
deal with the plan-decoupling problem for tasks with qualitative temporal
constraints is provided.

This paper is organised as follows: In Section 2, we describe the extended
framework in which we will study the plan-decoupling problem. In Section 3,
we analyse the possible conflicts that need to be prevented from occurring
by decoupling in more detail. In Section 4, we determine the complexity and
provide approximation algorithms for different plan-decoupling problems. In
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Section 5, an approximation algorithm is given for constructing coordination
sets in polynomial time. In Section 6, our plan-decoupling approach will be
related to other work that has been done. Finally, in Section 7, we conclude
and give some directions for future research.

2 Framework

We consider a high-level (complex) task that has been decomposed into a set
of elementary tasks 7 = {71, 7o,..., 7%} that need to be completed in order
to complete the high-level task. These elementary tasks, called methods in
the TAEMS [9] framework, are constrained by a set of constraints C. In the
original description of the framework [18], this set of constraints consisted of
precedence constraints between elementary tasks, each precedence constraint
T < 7’ specifying that task 7 should be completed before task 7' could start.
Together these constraints were assumed to induce a partial ordering on the
set of elementary tasks 7.

In this paper, we extend the set of task constraints to deal with the famil-
iar qualitative temporal constraints [1]: before, overlaps, during, meets,
starts, finishes, and equals. Note that the precedence relation < defined
on pairs of tasks corresponds to the before relation defined on them. Rea-
soning on networks with such temporal constraints (7, C) has been studied
extensively [1, 13]. If we represent tasks 7 as tuples of time-point variables
(t°,t°), with ¢° being the start and ¢ being the end of the execution of task
7, it is well-known that these seven qualitative temporal constraints between
tasks can be expressed by using a combination of precedence and synchroni-
sation constraints on these time-point variables [4].

Therefore, we represent a set of elementary tasks 7 together with its set
of qualitative temporal constraints C as a tuple (T, <,=), where T is the
set of time points associated with the elementary tasks in 7, < C (T x T))
is a partially-ordered precedence relation, and = C (7" x T') denotes an
equivalence relation expressing the synchronisation constraints.

Note that for every task 7, the associated time points are constrained by
t* < t°. Moreover, < and = together satisfy the following two properties:

. (Ro=)C <and (=0 <) C <,
that is, (t < ¢/ At' = t” implies t < t”) and (t = ¢/ At/ < " implies
t<t"), and



2. (=xNn=) =10
that is, < and = are orthogonal relations.

Summarising the properties of this extension of the framework, we have
the following result:

Proposition 1 All qualitative temporal relations between tasks T in a set of
tasks T can be expressed in the extended task framework (T, <,=), where T
is the set of time point variables representing T .

2.1 Agents and Tasks Assignments

We consider a set of agents A = {A;, Ay, ..., A,} that are jointly capable of
completing the set 7 of all elementary tasks. We assume that each elemen-
tary task 7 in 7 is assigned to at least one agent A; that has the capability
of completing that task.!

If a task 7 must be assigned to multiple agents it is simply duplicated,
giving the duplicates unique names 7y, 7o, . . ., 7 adding appropriate synchro-
nization constraints between the start and ending time points associated with
these duplicates. Then, the duplicates can be assigned to separate agents
such that every task is assigned to exactly one agent.

Example 3 The task of simultaneously lifting a table with two agents be-
comes two elementary tasks that both have to start and end at the same time
(i.e., duplicate task T into tasks 11,7 and add the constraint T, equals 7).

The task T of conducting a certain scientific experiment three times be-
comes three tasks 11, 7o, 73 without any additional constraints.

Therefore, an assignment of tasks to agents can simply be conceived as a
partitioning {7;}!, of the set of elementary tasks 7, where 7; is the set of
tasks assigned to agent A;.

As a result, every agent A; is assigned a disjoint subset 7; C 7 of tasks
together with the local subset <; = (< N (7; x T;)) of precedence constraints
and the local subset =; = (= N (T; x T;)) of synchronisation constraints
induced by the set of time points T; associated with 7;. We represent such
an assigned subset of elementary tasks as the tuple (T;, <;, =;).

'How to find a suitable assignment for a set of agents is a separate problem [14, 19],
and is beyond the scope of this paper.



Note that the original relations (sets of constraints) < and = are parti-
tioned into the set of constraints between time points belonging to the same
partition, and the set of constraints between time points belonging to differ-
ent partitions. We call the sets of constraints <;,=; belonging to the same
partition intra-agent constraints, and the constraints between time points of
different partitions inter-agent constraints <;,ier, =inter. 1ogether, the sets
of inter and intra-agent constraints make up the complete sets of constraints,

Le, <= (<inter U Uiy <) and = = (Sjer U U, =1)-

2.2 Plans

In order to complete its set of tasks 7;, an agent A; needs to construct a
plan for it. Since we want to deal with coordination mechanisms that could
be used for a variety of planing agents, we do not want to be dependent
upon the details of the planning tools used by the individual agents. The
only thing that we need to bother about is that each plan satisfies the task
constraints give to the agents. This means that each agent should be capable
of representing its plan as an abstract plan m; = (T}, <}, =), specifying
constraints on the tasks induced by its concrete plan. Such a plan m; then
meets the task constraints iff <; C <* and =; C =7, i.e., the plan 7; is a
refinement of (T, <, =;).

From now on, we will simply assume that each such a local plan 7; meets
the task constraints specified on the tasks in 7;. Given the local plans 7;, we
define the joint plan {m;}_; of all agents as the task that results from taking
the union of all individual plan refinements: {m;}I" | = (T, <inter U Uiy <
s Zinter U U?:l =r). However, the question is whether this joint plan meets
the set of constraints specified on the global task 7. As the following example
illustrates, this is not always be the case, since the local plans only satisfy
all intra-agent constraints and not necessarily the inter-agent constraints.

Example 4 In Figure 2(a), two agents are shown where agents Ay and As
have the freedom of planning t; < t{ and t5 < t5, respectively. But when these
plans are joined, a cycle (t5, 5,5, t5,t5) is introduced (see Figure 2(b)). Such
a cycle indicates an infeasible joint plan, since it implies that t{ precedes t3,
but also vice versa.

In order to define what additional criteria need to be satisfied, such that
the joint plan {m;}; is guaranteed to meet the global task constraints, we
will use the notion of a dispatching satisfying the task constraints.
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(a) Instance (b) Deadlock

Figure 2: Two plan-uncoordinated moderately-coupled agents.

Definition 1 Given a plan m = (T, <*,="), a dispatching ¢ for 7 is a func-
tion ¢ : T — 7 that respects the constraints in 7, that is

1.Vt € T: t <*t' implies 6(t) < d(t'), and
2.Vt t' € T: t =*t' implies §(t) = §(t').

A plan 7 is said to be feasible if there exists a dispatching ¢ for it that
satisfies the plan. Since we have assumed a plan 7 for a task (7', <, =) to be
a refinement of it, if 7 has a dispatching § that satisfies it, 0 will also satisfy
all the task constraints.

We assume that the local plans 7; developed by an agent A; are feasible,
i.e., for every m; there exist a local dispatching d; satisfying it. Now, the
(in)feasibility can be expressed of the joint plan {m;}?; as follows:

Definition 2 Given a task (T, <,=), a joint plan {m;}_, for it is feasible if
there exist dispatchings d; for the local plans w; such that the joint dispatching
0, defined as

Vi:o(t)=0;(t) iff teT;i=1,2,....n

satisfies all the task constraints, that is
1. Vt,t' € T: t <t implies §(t) < 6(t'), and

2.Vt t' € T: t =t implies §(t) = §(t').



Note that this definition immediately implies that {m;}!, is feasible iff
<inter U Uj—; < is an acyclic relation (i.e., a partial order). As the example
above illustrated, it is not guaranteed on beforehand that such a joint plan
is feasible, even when all local plans are guaranteed to be feasible. There-
fore, a plan-coordination problem arises, which provides this guarantee while
allowing the agents to construct local plan refinements independently from
the others.

3 Plan Decoupling

A task is said to be plan coordinated when every joint plan, of individu-
ally constructed plan refinements, is feasible. In that case, for every set of
individually-chosen feasible plans m;, the joint plan {m;}_; allows a joint dis-
patching . In general, plan coordination can be achieved by ensuring that
cyclic ordering of tasks due to independent planning cannot occur.

In this section, a plan-decoupling method to plan coordination is taken,
where a minimum number of constraints is added in order to construct plan-
coordinated tasks.

Before we discuss this plan decoupling method in detail, let us relate this
form of plan decoupling to a well-known classification of plan-coordination
instances based on the types of inter-agent constraints occurring in them.
Like in [19], we consider a plan-coordination instance as loosely coupled when
there are no inter-agent constraints, as moderately coupled when only prece-
dence constraints are used, and tightly coupled when both precedence and
synchronisation constraints occur as inter-agent constraints.

Clearly, when agents are loosely coupled, there are no constraints between
time points ¢, ¢’ that are assigned to different agents. In other words, both sets
of inter-agent constraints <, and =;,;., are empty sets. Hence, such tasks
are always plan-coordinated and there is no real plan-coordination problem
to solve.

When agents are moderately coupled, pairs of time points ¢,t¢’ that are
assigned to different agents can be constrained by an inter-agent precedence
constraint (e.g., see Figure 2). The plan-decoupling problem for moderately-
coupled agents has been studied thoroughly in previous work [2, 17, 18].

Here, we will concentrate on the tightly coupled case, where both prece-
dence and synchronisation constraints occur as inter-agent constraints.



3.1 Plan Decoupling of Tightly-Coupled Agents

In tightly-coupled task, the sets <;nier and =,z are both non-empty. The
presence of synchronisation constraints causes some additional problems for
plan decoupling, compared to plan decoupling of moderately-coupled agents.
In Figure 3, an example is depicted of two tightly-coupled agents with four
time points each. There are two pairs of synchronised time points: {t7,%5}
and {t5,%3}.

Note that independent planning might violate these synchronisation con-
straints even if no inter-agent cycles are created. In Figure 3(b), time point
t] is planned before time point ¢}, while ¢3 is planned before ¢5. This clearly
violates the given synchronisation constraints ¢ = t5 and ¢] = t3, since ev-
ery dispatching ¢ satisfying the precedence constraints has 6(¢;) < 6(¢5) and
d(t5) < d(t5). However, satisfying the synchronisation constraint ¢ = t5 re-
quires 0(t5) = 6(t5), which implies 6(¢5) < d(t3) and thereby violating t§ = t5.

G tw owL o w w e &
| @<—@-----1--0—>0 | | R PR |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
A A, Al A,
| | | | | | | |
ot e B o ]
U LI I U LT
(a) Instance (b) Deadlock

Figure 3: Two plan-uncoordinated tightly-coupled agents.

To characterise exactly when a tightly-coupled task is plan coordinated,
we need the following definitions. A path in a tightly-coupled task ({7}, <
,=) is a sequence (ti,ts,...,t,) of time point variables such that for each
h =1,2,...,m — 1, either t;, = t341 or t;, < tp41 holds. A path is called
directed if, for at least one h, it holds that t, < tpy1. A directed cycle
is a directed path (t1,ta,...,tm,t1). Note that a plan m, = (T}, <!, =)
is a refinement of the task (7}, <;,=;) such that m; does not contain any
directed cycle. Now, we can obtain the following characterisation of a plan-

coordinated task.
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Proposition 2 A tightly-coupled task ({T;}7_,, <, =) is plan coordinated iff
there exists no set {m;}, of plans (T;, <F,=;) for the subtasks (T}, <Z_1)
such that the joint plan {m;}7_y = { T}y, <inter YUy <5 Zinter YU, =
) contains a directed cycle.

Proof (=) By definition, a tightly-coupled task is plan coordinated when a
joint dispatching 0 is guaranteed to exist for every set {m;}!, of individually-
chosen feasible plans ;. Such a joint dispatching is an assignment 6 : T" — Z
of values to time points satisfying the constraints in {m;} ;. This immedi-
ately excludes the occurrence of any directed cycle ¢ = (¢,t/,...,t) as such a
cycle would imply () < d(t).

< If no joint plan contains a directed cycle, a dispatching d can be easily
constructed for the joint plan {m;}!", by determining the depth of the time-
points ¢ in the graph associated with {m;} ;. Assuming that < is right- and
left-closed under composition with = (See Section 2), the depth depth(t) of
t is defined inductively as: depth(t) = 1 if ¢ does not have predecessors in <
and depth(t) = 1+max{depth(t') : t' < t}, else. Since there is no directed cy-
cle, depth() is well-defined. Now the dispatching § defined by 0(t) = depth(t)
for all t € T is a dispatching satisfying all constraints. 0

It is not difficult to show that every feasible (tightly-coupled) task can
be changed into a plan-coordinated task by adding intra-agent precedence
and /or synchronisation constraints. The idea is to extend every local relation
<; U =; to a total ordering of T" in such a way that their union, together
with the inter-agent constraints, constitutes an acyclic relation (i.e., does not
contain a directed cycle).

This can be accomplished as follows: Consider an arbitrary (tightly-
coupled) task ({T;}!,,<,=). Since < U = is assumed to be acyclic, there
exists an extension <* of < and an extension =* of = such that =* U <*

a total ordering of the set of time points 7.

For every agent A;, consider the subtask (7T}, <¥,=;). Here, both <* and
=7 are extensions of <; and =;, respectively, and <} U =] constitutes a total
acyclic relation on T;. Hence, there is no further refinement of this task.
Therefore, every agent A; constructs the plan m; = (T}, <r,=;). The joint
plan {m;}! | now is a feasible plan since | J;_, (< U=)U(<x U =) C =* U <*
is acychc.

Therefore, we have shown the following proposition to hold.

11



Proposition 3 Finding a sufficient coordination set I' = '~ U I'S, consist-
ing of precedence I'™ and synchronisation constraints I'=, for a tightly-coupled
task ({T;}1,, <,=), such that the resulting task ({T;}—,,< U=, =UTI%)
15 plan coordinated, can be done in polynomaial time.

4 Complexity

In the previous section, the patterns were identified that cause a set of tightly-
coupled agents to be plan uncoordinated. In order to plan coordinate a set
of agents, a plan-coordination problem needs to be solved such that these
patterns do not occur.

Pre-planning plan coordination, as in [18], can be seen as a plan-decoupling
approach, because it decouples the plan dependencies between the agents.
Then, the PLAN-DECOUPLING PROBLEM (PDP) is to find a minimum set
of additional constraints that transform a plan-coordination instance into a
plan coordinated one. The idea is that such a set of constraints affects the
planning freedom of the agents in a minimal way. Note that the PDP does
not ask for an arbitrary set of additional constraints to make the instance
plan coordinated. The problem of constructing an arbitrary coordination set
is, as we have seen in the previous section, solvable in polynomial time.

In previous work [2, 16, 17, 18], PDP for moderately-coupled agents, as
well as some of its variants, has been studied quite extensively. It was shown
that this problem is Y5-complete in general [18]. The proof is based on a
polynomial reduction of PLAN-COORDINATION RECOGNITION (PCR) (i.e.,
the verification problem of the PDP) to PATH W1TH FORBIDDEN PAIRS [6],
and PDP itself to a generalised version thereof. Although solving the PDP
is intractable in general, subclasses exist that are easier to solve. In fact, two
sources of complexity have been determined [16]: (i) the allowed number of
time points per agent, and (i) the number of agents.

In this section, the complexity of the PDP for tightly-coupled agents
will be studied. In fact, it will be shown that the PDP for tightly-coupled
agents is not harder—from a complexity point of view—than the PDP for
moderately-coupled agents.
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4.1 Plan Decoupling of Tightly-Coupled Agents

Analogous to the moderately-coupled case, plan decoupling of tightly-coupled
agents can be achieved by finding a (smallest) set of additional constraints
that allow agents to plan independently while guaranteeing the feasibility of
the joint plan. Let us consider the following decision-variant of the problem
of plan-decoupling tightly-coupled agents.

PDP for tightly-coupled agents

INSTANCE: Given a tightly-coupled task ({T;}!;,<,=) and a
positive integer K.

QUESTION: Does there exist a coordination set I' = ' U I'S
with |I'| < K such that ({7;}7_,,< U T'*,= U TI7) is plan coor-
dinated?

Using the obtained results on the computational complexity of the PDP
for moderately-coupled agents, the complexity of the PDP for tightly-coupled
agents can be determined.

Proposition 4 PDP for tightly-coupled agents is ¥b-complete.

Proof To establish the complexity of this problem, we know that it should
be ¥b-hard, because the (contained) PDP for moderately-coupled agents is
known to be Xb-complete [18]. Moreover, if we guess a set I' of additional
constraints, the complexity of verifying coordination of the extended task
({T;}",,< U T= = U TI=) can be accomplished by verifying the condition
stated in Proposition 2. Verifying whether it holds, for this extended task,
that every set of individually-chosen feasible plans {m;}!" ; does not contain
a directed cycle is in CONP [18]. Here, a directed cycle can be detected in
polynomial time after guessing a set of locally-feasible plans. OJ

Therefore, rather surprisingly, viewing the plan-decoupling problems from
a complexity point of view, moderately-coupled and tightly-coupled variants
do not differ significantly.

5 Approximation

In the previous section, the computational complexity of the PDP for tightly-
coupled agents was determined which turned out to be intractable. There-
fore, we should look for polynomial-time approximation algorithms to solve
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the PDP. Concerning the approximability, it was shown previously that
PDP for moderately-coupled agents is APX-hard, and that a constant-ratio
approximation algorithm is not likely to exist [18]. The proof for this is based
on a polynomial reduction from FEEDBACK VERTEX SET [6] to the subclass
of the PDP for moderately-coupled agents, where each agent has exactly two
time points.

There exists a simple polynomial-time approximation algorithm that suc-
ceeds in finding a sufficient—but not necessarily minimum-—coordination set
for moderately-coupled agents [17]. This algorithm uses the fact that the
time points are partially ordered by a precedence relation, which is necessar-
ily acyclic. Therefore, there is at least one agent A; that has some subset
T! C T; of prerequisite-free time points that do not depend on any other time
points. Now, when all these agents complete these subsets of time points,
a new subset T2 C T; of time points that only depend on time points in
T! becomes prerequisite free. Note that applying this approach recursively
results in a partitioning {Td}je:pfh(T) of the time points, where depth(T) is the
depth of the partial order defined on T. More precisely, the depth depth(t)
of a time point t is defined as follows: If ¢ does not have predecessors in <
then depth(t) = 1, else depth(t) = 1 + max{depth(t') | t' < t}. Then, the
depth depth(T') of the set of time points 7" is the maximum value of depth(t)
for at € T. After at most depth(T) < |T| iterations, all time points have
been accepted exactly once as prerequisite-free. For each agent A;, we now
have a set of disjoint subsets T for d = 1,2,...,|T|. Here, T denotes the
(possibly empty) set of time points selected for agent A; in iteration d. The
resulting coordination set I' is then constructed by taking the union of the
sets I'; for agent A;, where each set I'; is obtained as follows:

1. Remove all empty subsets T¢ and let m be the number of remaining
subsets, and

2. add a precedence constraint ¢ < t' to I'; for every pair of time points
teT? and t' € V™ for every j =1,2,...,m — 1.

1

It can easily be shown that, although not creating a minimum coordina-
tion set, the resulting set I' is sufficient for plan decoupling [17]. A descrip-
tion of this depth-partitioning algorithm, delivering the coordination sets I';,
is given in Algorithm 1.

In fact, there is at least one planning domain, the LOGISTICS domain
from the AIPS competition, where this algorithm produces optimal solu-
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Algorithm 1 Depth-Partitioning Algorithm.
1. Take the moderately-coupled task ({T;}! ,, <) and consider the subsets
T4 ={t € U;_, T} | depth(t) = d} of time points having the same depth
inT.

2. Consider the partitioning {7;}?_, of T induced by the task allocation
to the agents {A4;}", and let T¢ = TN T;.

3. For all 4, let (T, T, ... ,Tid’“) be the sequence of all (non-empty) sets
T¢ sorted in increasing values of the depth value d;.
4. For all i, let T; contain a constraint ¢ < ¢’ for all the pairs (¢, t') € (T

(2

X
Tidj“) for j=1,2,...,k—1 (i.e., all time points of an agent occurring
at a lower depth are required to precede all time points occurring at a

higher depth).

5. Retun I' = |J_, T;.

tions. There, a multi-modal transportation task needs to be executed by
transportation agents where a number of precedence constraints hold on the
subtasks. Besides optimal coordination sets, it turns out that the quality
of the resulting joint plans are comparable to the ones that are a result
of centralised planning while taking much less time [17]. It can be shown
that there exists no polynomial algorithm for either a cooperative or a self-
ish multi-agent system solving this multi-modal transportation task with an
approximation ratio € < % unless some generally accepted conjecture in com-
plexity theory is violated [17]. Moreover, the algorithm above together with
a 2-approximation algorithm for the local planning problems can be shown
to be a %—approximation algorithm for the planning of this multi-modal
transportation domain [17].

5.1 Plan Decoupling of Tightly-Coupled Agents

In this section, the depth-partitioning algorithm for moderately-coupled tasks
will be slightly modified to coordinate tightly-coupled agents as well. The
depth-partitioning algorithm can be used to solve the contained problem
for moderately-coupled tasks. Due to the synchronisation constraints, new
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conflicts can arise that need to be prevented. In this section, the depth-
partitioning algorithm will be adapted to coordinate tightly-coupled agents
as well.

The depth-partitioning algorithm needs to be adapted such that two syn-
chronised time-point variables t = ¢’ have the same depth value. This is
required by the inclusion properties of the composition of < and = (see
Section 2). Now note that using the depth-partitioning approach (i.e., parti-
tioning the time points and ordering the time points from different partitions)
results in a set of additional constraints which breaks all directed cycles that
traverse through precedence constraints, but also partitions the time points
that are involved in synchronisation constraints. In fact, because the re-
maining conflicts reside within each depth partition, the involved time-point
variables must have the same depth. Thus, the (inter-agent) conflicts that
remain are concerned with synchronisation constraints only (e.g., see Fig-
ure 3). To prevent such conflicts, such synchronised time points in the same
partition are synchronised to prevent any conflicts from happening.

The approximation algorithm for plan-decoupling tightly-coupled agents
can then be described as shown in Algorithm 2. In the following proposition,
it is proven that generating a coordination set based on this algorithm results
in a sufficient, albeit not necessarily minimum, coordination set I" for tightly-
coupled tasks.

Proposition 5 Given a tightly-coupled task ({T;}?_y,<,=). Let T =T~ U
['= be the set of additional precedence constraints induced by Algorithm 2,
the depth-partitioning algorithm for tightly-coupled tasks. Then, the resulting
tightly-coupled task ({T;}7_,, < UT'=,=UT%) is plan coordinated.

Proof Note that we can assume < to be an acyclic relation. Suppose, on
the contrary, that the resulting tightly-coupled task is not plan coordinated.
Then, by Proposition 2, some directed cycle ¢ = (ty,to, ..., tm, t1) must exist.
Such a cycle consists of subsequences of tasks belonging to a single agent
(intra-agent paths) and subsequences of tasks belonging to different agents
(inter-agent paths).

First, note that, due to the construction of every set I';, for every subsequence
(th,tny1) of an intra-agent path (¢;,...,¢x) of agent A;, it must hold that

depth/ (t) < depth’(thi1). (1)
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Algorithm 2 Depth-Partitioning Algorithm for Tightly-Coupled Tasks.

1.

Take the tightly-coupled task ({T;}!" ,,<,=) and consider the subsets
T4 = {t € U, Ti | depth'(t) = d} of time points having the same
depth in T. Here, the depth depth'(t) is defined as: If ¢ does not have
any predecessors in < then depth'(t) = 1, else depth’(t) = max(1 +
max{depth’ (') | t' < t}, max{depth’(t') | t' = t}).

Consider the partitioning {7;}!_, of T" induced by the task allocation
to the agents {4;}", and let T¢ = T?NT;.

For all i, let (T, T2, ... ,Tl-d’“) be the sequence of all (non-empty) sets
T¢ sorted in increasing values of the depth value d;.

. For all 4, let T';* contain a constraint ¢ < ¢ for all the pairs (¢,t') € (Tidj X

Tidj“) for j =1,2,...,k—1 (i.e., all time points of an agent occurring
at a lower depth are required to precede all time points occurring at a
higher depth).

For all 4, let I'S contain a constraint ¢t = ¢’ for all the pairs (¢,t') €
(Tf’dj X Tf’dj), for all j = 1,2,...,k where ¢t # t' and Tf’dj ={te
TE |3t ¢ T, t =t}

Return I' = J;_, I U U, IT.
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Otherwise, depth’(t,) > depth’(tp41) would imply that ¢, < t;, € 'Y, and,
therefore, together with the plan refinements ¢;, <* t51 and t;, =* t;11 would
create a local directed cycle.

Second, for every inter-agent subsequence (tp,t,41) of the directed cycle c,
it must hold that either ¢, = ;1 or t, < tp41. According to Algorithm 2,
this must imply that depth'(t;) = depth'(t;41) or depth'(t;) < depth'(tn.1),
respectively.

Hence, we conclude that the depths depth/(t;) of the tasks ¢; in the directed
cycle ¢ starting with depth’(t;) constitute a monotonically non-decreasing
sequence. But this immediately implies that depth/(t;) = depth/(t3) = ... =
depth/(t,,). Therefore, since ¢ is a directed cycle, there must exist a subse-
quence (tp,tpy1 such that ¢, <ier the1 or ty <5 theq such that depth/(t,) =
depth/(tpy1). Clearly, t, <inter the1 implies depth/(ty) < depth/(tp,1) since
<inter ©<. Hence, there exists an agent plan m; containing a tuple ¢, <} 541
such that depth'(t,) = depth'(tp+1). Let (¢,...tn, thy1,...t;) be the maxi-
mal intra-agent path containing both ¢, and ¢,,,. Then, by construction of
the set I';-, this implies that not both ¢; and ¢; occur in Tf’k for some k, since
this would imply that the depth of all tasks in between them would be equal
to k preventing t; <7 t,41 to occur. Hence, at least t; has a <-predecessor
t;- or t; has a <-successor t;,. In both cases, ¢ contains an occurrence of
an inter-agent constraint <., implying that either depth/(t}) < depth'(t;)
or depth’(t;) < depth’(t},), contradicting the fact that depth’(t) = depth'(t')
should hold for every pair ¢, occurring in the cycle. Hence, such a directed
cycle cannot exist. Therefore the resulting task is plan coordinated.

O

Example 5 Applying Algorithm 2 to the plan-uncoordinated tightly-coupled
agents depicted in Figure 3(a) gives the following. The result of the first
step is the partitioning T = {t, 5,15, t5} and T? = {15,15,15,t5}. In the
next three steps, precedence constraints are added that result in the following
coordination sets: TT = {t] < t5,t5 < t§} and TS = {t5 < 5,5 < t5}.
Then, in the fifth step, the potential conflict with synchronisation constraints
in depth partition T is detected and resolved by adding the synchronisation
constraints I't = {t5 = t;}, and the corresponding I's = {t§ = t5}. Adding
these constraints results in the tightly-coupled task depicted in Figure 4.
Note that, using only those time-point variables that are involved in an
inter-agent constraint (i.e., t5,t5,t5,t5), the algorithm would have constructed
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the coordination sets I'T = {t; = t;} and I's = {t5 = t5}, which is also
sufficient.

[ te ts (ot ts
| |
| | | |

A Y A
1\ | | ! | 2
| | | |
| bl |
ot ts ) ot te )

Figure 4: Two plan-coordinated tightly-coupled agents.

6 Related Work

In this paper, the plan-decoupling problem was studied as an approach to
allow individual independent planning, while guaranteeing a jointly feasible
plan. While previous work [2, 18] concentrated on the coordination problem
in task-based planning where agents could make refinements of partial order
constraints on tasks, in this paper we extended the framework to partial
order and synchronisation constraints to deal with tightly coupled tasks.

This extension shows some relationships with current work on indepen-
dent scheduling by autonomous agents: instead of individual planning, our
agents might desire—or need—to independently choose the dispatchings them-
selves for their tasks. Although such a joint dispatching is guaranteed to exist
after plan decoupling and individual planning, it does not hold that every
combination of locally-feasible dispatchings is jointly feasible. Therefore, an-
other coordination problem arises, because the combination of individually-
chosen dispatchings are not guaranteed to be conflict free. When the agents
are unwilling, or unable, to revise their constructed dispatchings, this schedule-
coordination problem must be solved before the agents construct their dis-
patchings.

Similar to plan decoupling, a schedule-decoupling problem can be defined
as a coordination mechanism for solving this coordination problem before
individual dispatching. Here, instead of decoupling the agents’ plans, the
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agents’ schedules are decoupled. Basically, this problem would be to mini-
mally change the problem such that every combination of dispatchings that
satisfies the local constraints is guaranteed to be globally conflict free.

These schedule-coordination problems are naturally formulated in tem-
poral networks [5], where the difference between each pair of time-point vari-
ables can be constrained by a set of intervals. Such a temporal network can
be viewed as the allowed set of dispatchings for executing the tasks it repre-
sents. Therefore, each assignment of values to time-point variables satisfying
all constraints is a consistent dispatching for completing these tasks. Solving
the schedule-decoupling problem in such a framework, then, requires a tight-
ening of the constraints, subject to a minimum reduction of the dispatching
freedom of the agents.

A variant of this problem is the TEMPORAL-DECOUPLING PROBLEM
(TDP) [10] which is the problem of decoupling a partitioned Simple Tem-
poral Networks (STN) [5]. Such an STN is a special class of temporal net-
works, where only one interval is allowed between pairs of time-point vari-
ables. Although schedule decoupling should be achieved by finding a cardi-
nal minimum reduction of the dispatching freedom of the agents, the TDP
only guarantees a subset minimal solution. Consequently, the developed
polynomial-time algorithms for it produce approximate solutions that have
no performance quality guarantees in terms of cardinal minimum decouplings
of the agents.

It would be interesting to investigate the complexity of this schedule-
decoupling problem and related decoupling problems in STNs, as well as in
more general temporal networks.

7 Conclusions and Future Work

In this work, the plan-decoupling problem was studied as an approach to
solving the plan-coordination problem, such that each combination of in-
dividually constructed plans is conflict free. Building on previous work, a
richer framework was used for studying this plan-decoupling problem. It
is now possible to constrain tasks with qualitative-temporal constraints, by
using an interval representation of the tasks and defining precedence and
synchronisation relations on the end points. Using this framework allowed a
classification into loosely, moderately, and tightly-coupled tasks, which was
based on the type of constraints used.
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After assigning such tasks to a set of agents, these agents themselves
can become interdependent, which gives rise to a coordination problem. We
showed that, due to these interdependencies, combinations of locally-feasible
plans can be globally infeasible. Then, the patterns were identified that
cause these joint plans to be infeasible and, as such, cause agents to have
conflicting plans. Although such infeasible plans can also be resolved by
minimal change afterwards, it was shown how these conflicts can be prevented
(i.e., before individual planning) such that the agents do not need to revise
their individually constructed plans.

Taking a coordination-by-design approach, the plan-decoupling problem
was defined, which is to prevent all possible conflicts by adding a minimum
number of constraints. In fact, this plan-decoupling problem was studied for
loosely, moderately, and tightly-coupled agents, separately.

It turned out that loosely-coupled agents are already plan coordinated,
due to a lack of interdependencies. For moderately-coupled agents, the prob-
lem was to prevent all inter-agent cycles of the precedence ordering to occur.
In previous work, it was shown that solving this problem by adding a min-
imum number of additional constraints is Y¥5-complete. In tightly-coupled
agents, additional types of conflicts can occur caused by the synchronisa-
tion constraints (possibly in combination with the precedence constraints).
However, it was proven that the complexity of the plan-decoupling problem
remains Yb-complete when also preventing these possible conflicts. Since
this problem is intractable, we discussed a polynomial approximation algo-
rithm for tightly-coupled agents to provide sufficient—but not necessarily
minimum-—coordination solutions.

In future research, the application of this decoupling approach should be
studied in different contexts. In specific, we plan on studying the complex-
ity of solving the schedule-decoupling problem by minimally reducing the
dispatching freedom of the agents.
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