Coordinating Multi-task Environments through the
Methodology of Relations Graph

Abstract. One of the challenges related to the coordination of a collaborative
system is the creation of structures to deal with possible conflicts caused by in-
terdependency relations among the activities. This work presents a methodol-
ogy to automate the generation of coordination mechanisms based on the tem-
poral behaviors specified for the activities executed in the environment. It is
possible to define alternative temporal behaviors and alternative activities,
which may be selected in processing time, changing the temporal relations
among the activities. The identification and modeling of the temporal restric-
tions that each activity must be subjected to result in the coordination mecha-
nism, with a time complexity linear to the number of activities. The encapsula-
tion and compacting capabilities of Colored Petri Nets are explored in the
modeling of coordination mechanisms, although the use of the proposed meth-
odology does not entail the knowledge of this formal system.
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1 Introduction

A collaborative system may be viewed as a group of processes that, in their turn, are
defined by a group of logically related activities. Activities represent well-defined
fragments within the general functioning of a process and involve interdependency re-
lations. For this reason, the execution of these activities may present conflicting re-
quirements and interests that must be anticipated and solved in order to reach the
process’ goals. The coordination of these requirements may be viewed as the effort
that must be added to the computational environment aiming to foresee and solve the
conflict derived from the relations among activities. Therefore, in our context, coordi-
nation consists in managing the dependencies defined among activities [8] by estab-
lishing coordination mechanisms that guarantee the (temporal, spatial, causal, etc.)
behaviors defined by these interdependencies.

Activity coordination processes found in the literature model the management of
dependencies considering only activities that are directly related, such as those pre-



sented by [6], [12]. However, some kinds of interdependencies, such as temporal
ones, may impose constraints on activities that are not directly related. The treatment
of these cases by means of tools that model only directly related activities requires la-
borious analysis by the designer, who must identify all the cases and then verify if the
model is also consistent from the global point-of-view, i.e., from the point-of-view of
all non-direct relations.

Providing a solution for this issue is the motivation for a new methodology that en-
ables the analytical and graphical representation of interdependency relations among
activities in a computational environment. This methodology then generates coordina-
tion mechanisms that also model the global behavior, i.e., mechanisms that ensure the
execution of all the interdependencies defined for the group of activities.

The methodology proposed herein, called GR (Relations Graph), deals with the
global and the local aspects of a coordination problem. The global approach is re-
sponsible for coordinating the necessary conditions to authorize the beginning of an
activity. The local approach coordinates the execution of two authorized activities,
complying with the kind of relation defined for them. This methodology does not re-
strict the quantity of relations in which an activity may be involved — it may be in-
volved, directly or indirectly, with any number of other activities.

In order to generate the coordination mechanisms, an algorithm of complexity
O(n), n being the number of activities, is proposed. This algorithm automates the
identification and modeling of temporal restrictions among activities. These restric-
tions are derived from the interdependencies defined among the activities. The result
is a coordination mechanism with the following characteristics:

1. Adherence to restrictions: the execution of an activity never violates any temporal
restriction.

2. Behavior selection: it is possible to select different behaviors (activity interdepend-
encies) for the same subset of activities.

3. Activity selection: it is possible to define whether a subset of activities will be exe-
cuted or not.

The GR methodology does not gear a specific application. Its goal is to obtain co-
ordination mechanisms considering the concepts of activity and interdependency. The
mechanisms provide support for the coordination of temporal dependencies estab-
lished among the application’s activities.

Section 2 presents a discussion about coordination in computational environments.
Section 3 introduces the GR methodology. Conclusions are presented in Section 4.

2 Overview

The need to approach the issue of activity coordination in a collaborative system is
due to the (temporal, resource, mutual exclusion, etc.) dependencies that exist among
the activities. These dependencies impose constraints and conditions on the execution
of activities, demanding an additional effort — coordination — to manage such depend-
encies in order to anticipate and solve possible conflicts in the environment. This is-
sue has been the subject of varied scientific research — [4], [8], [10], [13] - and has at-



tracted the interest of experts in search for tools that help to coordinate computational
environments.

Regarding coordination, activities represent the functional parts of the application,
dependencies describe the relations among the activities, and coordination processes
represent the interconnection protocol that manages the relationships and constraints
resulting from the dependencies [8]. A collaborative system can be viewed as a sys-
tem of interdependent activities managed through coordination processes. In this
sense, the coordination of a computational environment requires two principal steps:
first to identify the types of dependencies among the activities, and second to deter-
mine coordination processes to manage these dependencies, i.e. mechanisms to an-
ticipate and solve possible conflicts generated by the dependencies.

The coordination of the collaborative environment when performing a task may
demand resources beyond the capacities of an actor (a user, a computer system or a
group), requiring the collaboration of other individuals for this purpose. This require-
ment creates dependency relations among the activities performed by these actors [4]
and, as a consequence, possible conflicts among the activities. A set of coordination
mechanisms to manage temporal dependencies and resource dependencies among the
participants of a collaborative environment was presented in [12]. For each partici-
pant, a Petri Net is designed, modeling the participant’s activities and the dependen-
cies among them. Then, possible dependencies among different participants are de-
fined, concluding the first abstraction level, called by the author workflow level. Once
the workflow level has been designed, the system’s model is obtained automatically:
in a second abstraction level, called coordination level, the activities, represented by
transitions, are expanded according to a predefined model. The coordination mecha-
nisms that correspond to the dependencies are added (they are also predefined), and
the model of the collaborative system is obtained.

The separation between activities and dependencies, and the use of predefined co-
ordination mechanisms provide the advantage of automatically generating the sys-
tem’s model based on the workflow level. The designer can focus only on specifying
the system at the workflow level. The coordination mechanisms presented by [12] to
temporal dependencies allow relating the activities two-by-two, thus ensuring the ob-
servance of temporal restrictions derived from this dependency. A global analysis and
a verification of temporal inconsistencies (temporal behaviors that cannot be exe-
cuted) must be made by the system designer.

In workflow applications, the cooperation among the several actors in charge of
executing the activities that define the processes must be promoted. A powerful coor-
dination component is required by the dependency relation the activities usually pre-
sent [1]. Dealing with possible conflicts among activities becomes more complex
when the workflow involves multiple organizations [12]. An activity-based model us-
ing high-level Petri Nets (colored, temporized and hierarchical) to model both the
workflow and the workflow’s coordination system is proposed in [15]. Some of the
difficulties found in the coordination and development of multi-organizational work-
flows are exposed in [16], which introduced a tool based on analysis techniques for
Petri Nets to inspect multi-organizational workflows. The processes are specified in
an XML-based language that is subsequently transformed into a specific Petri Net to
verify if the workflow is correct.



In a multi-agent environment, the execution of tasks might affect or be affected by
other tasks, which characterizes a dependency relationship among them. If the tasks
refer to different agents, then the relationships among them represent a nature here
called non-local dependency. This configuration restricts the agent’s ability to select
adequate actions, because the agent is not aware of restrictions derived from non-local
dependencies [3], which motivates the use of coordination mechanisms for this pur-
pose. Methodologies based on high-level Petri Nets, used in the problem of coordinat-
ing the behaviors of agents, have been presented by [9] and [17].

The situations presented in this section illustrate the need for coordination models
able to provide both local and global information about the system, allowing an ade-
quate selection of the actions to be performed in the environment.

The dependency class (causal, resource, simultaneity, prerequisite, producer-
consumer, etc.) among activities varies according to the context of the problem to be
modeled, but a common denominator among these classes seems to be the time factor.
Thus, temporal models are essential to express dependencies among activities in order
to support applications in different research fields [18], [19].

The following section introduces a new methodology to model coordination
mechanisms. The concept of coordination will be further developed, because apart
from (identification/association) specification, a linear-cost algorithm will be intro-
duced for the automatic generation of coordination mechanisms based on the specifi-
cation of temporal behaviors.

3 Methodology

The GR methodology consists in generating coordination mechanisms based on the
temporal behaviors specified for the activities executed in the environment. These be-
haviors correspond to temporal dependency relations among the activities. In this ab-
straction level, called specification level (Figure 1a), a temporal ordering is estab-
lished among the activities, which is represented through an expression. In a second
abstraction level, called coordination level, the coordination mechanism is built. This
structure is the result of modeling all dependencies among the activities described in
the previous level and is responsible for fulfilling those specifications. Finally, in the
execution level, a program called coordinator will implement the coordination mecha-
nism obtained in the coordination level. This coordinator interacts with the set of
activities, obeying the specification made at the specification level. Details on the
implementation of the activity execution environment and on the program that im-
plements the coordination mechanism will not be dealt with in the present work.

3.1 Specification Level

To specify temporal behaviors, an activity-based temporal model is adopted; it has as
essential element non-null intervals. These intervals contain the activities executed in
the system, which on their turn may establish relationships among themselves through
temporal primitives [7], [19]. The set of temporal primitives introduced by [2] was
adopted as the possible temporal relationships among activities, presented as follows.
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Figure 1. (a) Abstraction levels. (b) Graph of temporal behaviors of an application.
Different activities a and b, occurring in time intervals x = [a;, af) and y = [b;, by),
with a; and ay, b; and by being the beginning and the end of a and b, respectively, can
relate between themselves according to the temporal primitives of the set D = {e, s, d,

f, 0, m, b}, where

Table 1. Temporal primitive relations between activities a and b.

e(a, b): equal < a;=b;and a;= by - a is executed in the same time interval as b.

s(a, b): start < a;=Db;and a; < b¢- a and b begin together, but a ends before b.

d(a, b): during <« a;>Db;and a; < b;- a begins after b and ends before b.

f(a, b): finish < 2;>b;and a;= by - a begins after b, but a and b end together.

o(a, b): overlap <> a;<b;and b; < arand a; < by- a begins before b, which begins be-
fore a is over. a ends before b.

m(a, b): meet < ap=Db;- b is executed immediately after the end of a.

b(a, b): before «  a;<b; - a must be executed before b.

In the GR model, temporal behaviors are represented by a labeled oriented graph
whose vertices correspond to activities and edges correspond to the dependency rela-
tions among them. Figure 1b illustrates a hypothetical example. The direction of the
edge indicates the order in which the activities are related, and its label states the type
of dependency among them. For example, the label of edge aj,a, — {b} — specifies
that activity a; must be executed before activity a,. The label in edge ag,a; specifies
alternative dependency relations, which means that any one of these three alternatives
may take place each time these activities are activated by the application. The selec-
tion of one relation instead of others is made in execution time, according to environ-
ment requirements.

Still at specification level, alternative activities can be anticipated; for instance, the
label of activity ag indicates that one of the activities a4, a5 or ag must be selected to
be related with ag. This selection occurs each time activity ag is activated through
events fired by the application, and any of the three activities in its label can be se-
lected. The temporal behavior specifications discussed above will be determined in
more detail as follows, through definitions 1 and 2.



Definition 1: An expression E(A,R,F) is an oriented and labeled' graph, with an
acyclic subjacent? graph, where A is a set of vertices representing the activities, R —
A x A is a set of edges and F is a function F : R — g (D) where g (D) is the set of D
parts, called edge (relation) labeling function.

Definition 2: A qualified expression is a pair (E, G) where E is an expression
E(A,R,F) and G is a function G : A — g (A), where g (A) is the set of A parts, called
vertex (activity) labeling function, which satisfies the following properties:

1. If b € G(a), then the edge defined by a and b belongs to R;
2. If, b € G(a) then a ¢ G(b);
3. If b € G(a),thend ¢c €G(a) |[c=b.

Applying Definitions 1 and 2 to the example in Figure 1b, the following qualified
expression (E, G) is obtained:

A={ay, ay, a3, ay, as, ag, a7, ag};
R:{(alﬂali)a (a3;a2)7 (a3,ag), (aSaa4)3 (as,ag), (38335)9 (38,37),};

The edge labeling function F is given by F(aj,a3)={f}, F(a;,a,)={b}, F(as,ag)={f},
F(ag,a)={0}, F(as,as)={s}, F(as,as)={e} and F(ag,a;)={s, d, f}, and the vertex labeling
function G is given by:

G(ag)={a4,as,36} and G(a;)= ...= G(a;)=J

Once the temporal ordering among the activities is known, construction of the co-
ordination mechanism begins. This process corresponds to modeling the temporal
constraints derived from the dependency relations among the activities.

3.2 Coordination Level

In this section, the proposed coordination mechanisms are described.

3.2.1 Construction of Coordination Mechanisms — One Dependency

According to the definition of activity, a given activity a:

1. has a beginning and an end;
2. is related to b through a relation r € D;
3. both the beginning and the end of a may be subject to temporal constraints,

Translating these items into a colored Petri Net, the diagram illustrated in Fig. 2a is
obtained.

' A graph is called node-(or edge-) labeled when to each vertex (or edge) there is an associated
set, called label [14]. In this text, we consider a node- and edge-labeled graph, which we call
simply labeled graph.

2 The subjacent graph is the one obtained from the oriented graph by removing the directions of
the edges [14].
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Figure 2. (a) Diagram of an activity at coordination level. (b) CPNet of the relation r(a, b).

For an activity to be executed, it must receive an execution request (from the user,
the system or the initial or final event of an activity). This request corresponds to a to-
ken in place Ia. Firing transition tg, corresponds to the event that authorizes the begin-
ning of the execution of the activity, which means that all global conditions imposed
on a have been fulfilled.

The Local Coordination Mechanism (MCL) relative to a receives the authorization
event and: 1) commands the beginning of a ; 2) waits for the end of a’s execution.

Firing transition tg, generates the event that ends the execution of a. A token in
place F, means that a has been executed.

Input and output arcs of a transition are labeled. These labels determine the quan-
tity and type of (color) tokens that will be removed from a place or added to another.
The color value that can be attributed to a token is an ordered triple <x , y , > so that
(y,z) € R and x € F(y,z), where R is the set of edges of an expression and F is the
edge labeling function.

For notation simplicity, the absence of a label indicates the removal of one token
from the input place or the addition of one token to the output place with the same
type as the token that has been removed.

If the expression that defines the system’s temporal behaviors has only one de-
pendency relation, then the corresponding coordination mechanism, called basic MC,
is derived from the diagram illustrated in Figure 2b, adding the temporal restrictions
that characterizes such dependency relation.

The diagram in Figure 2b represents the networks of two activities placed side by
side. Firing transition t; (t;) corresponds to the event that authorizes the beginning of
execution of activity a (b), while firing transition t, (t;) corresponds to the event that
authorizes the end of execution of activity a (b). In the MCL, transition R, (Ry) repre-
sents the time span for the execution of a (b). The time spent in the execution of an
activity is represented using the concept of transition with token reservation [11]. In
this type of transition, the firing takes place in two moments. Firstly the tokens are
removed from the input place when the transition is active; secondly the tokens are
sent to the output place after a given time span.



As shown in Section 3.1, a relation r(a,b) is defined by equations or inequations
involving the initial and final moments of activities a and b. From these equations or
inequations and the CPNet (Colored Petri Net) diagram shown in Figure 2b, the MCs
for each of the basic relationships can be built, according to the following rules:

Rule 1: Inequations x <y or x >y, where x and y represent the initial or final
moments in the execution of the activities involved, are translated into two CPNets by
adding an arc from the transition that corresponds to the least-value variable to place
Pz, z € N, and an arc from P to the transition that represents the largest value. For
example, in relation before, b(a, b), we have a; < b;, which means including an arc
from t, (which represents a;) to place Ps and an arc from Ps to t;, which represents b;
(Figure 3a).

Rule 2: Adding an equation to the CPNet, shown in Figure 2b, consists in performing
a merge operation (see Definition 3, Section 3.2.2) of the transitions associated to the
equation variables. Figure 3 presents the MCs for relations before and during,
respectively. The complete list of basic MCs can be found in [5].

(a) MC of relation before: b(a, b) (b) MC of relation during: d(a, b)

Figure 3. Examples of basic MCs.

The GR methodology also allows the specification of alternative temporal behav-
iors. In this case, alternative temporal relations must be anticipated, at specification
level, between the activity pairs that define such behaviors. The selection of one be-
havior instead of another is made in execution time, according to environment re-
quirements. As follows (Figure 4), the coordination mechanism for the case in which
alternative behaviors are defined by only one activity pair is presented. This mecha-
nism, called basic MC, models all relations anticipated for activities a and b and al-
lows only one of them to be selected at a time.

Selection of one of the relations estimated for activities a and b is made according
to the color of tokens at places Ia and Ib. In the ordered triple <r,a,b> that defines the
color of tokens in the net, r is the relation that must be selected between a and b.

The GR methodology also allows the anticipation of alternative activities in the
specification of a temporal behavior. The alternative activities that take part in a given
behavior are selected at execution time. The coordination mechanism presented in



Figure 5 is a basic mechanism for alternative activities defined by only one relation.
This basic MC allows the selection of any one of the activities to be related with ac-
tivity a. Such selection is made according to the token color at places Ia and Ib;.
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Figure 5: Basic MC for alternative behaviors — activities.
3.2.2. Construction of Coordination Mechanisms — Two or More Dependencies

MC connection through transition merging

Coordination mechanisms of an expression with more than one dependency rela-
tion can be derived from basic MCs. The construction procedure is based on the con-
nection of pairs of coordination mechanisms (MC;, MC,) with a common activity.
Figures 6a and 6b illustrate the mechanisms corresponding to before and during rela-
tions, respectively, b being the common activity.

Transitions t, and ts5 (t; and t;) in Figures 6a and 6b, respectively, are associated to
the beginning (end) of b’s execution. Input arcs to these transitions correspond to the
temporal restrictions involving b; firing t, (t;) in MC; and ts (t;) in MC, indicates
that all temporal restrictions involving b were satisfied, resulting in the events that au-
thorize the beginning (end) of their execution in the respective mechanisms. To keep
the synchronization condition regarding the beginning of b’s execution, in the mecha-
nism resulting from the connection between MC; and MC, this event must be gener-
ated by a single transition. This synchronization condition can be satisfied by merging



transitions t, and ts (t; and t;), generating a single transition that receives all temporal
restrictions involving the beginning (end) of b, according to Definition 3. Figure 6¢ il-
lustrates the MC resulting from the connection operation between MC; and MC,.
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Figure 6 (a) MC;: relation before b(a,b); (b) MC;: relation during d(b,c); (¢) MC resulting
from the connection operation between MC; and MC,.

Definition 3: Merging two transitions t” and t” is executed by transferring to one of
them all the input and output arcs of the other.

MC connection through transition splitting

Connections involving basic MCs for alternative behaviors require an extension of
these mechanisms, because temporal restrictions derived from alternative behaviors
are only known after the dependency relation or the activity is selected. Moreover, the
fact that two mechanisms share a common activity implies the existence of temporal
restrictions relative to this activity, modeled in both mechanisms. The MC resulting
from this connection must manage these temporal restrictions in order to ensure that
the event that authorizes the beginning of this activity is only generated in the instant
when all temporal restrictions have been satisfied.

The extension of basic MCs for alternative behaviors consists in inserting a feature,
here called connection feature. Figure 7 presents the basic MC for alternative rela-
tions with the connection feature for activity a. This extension, identified by traced
arcs, splits the transitions (Definition 4) t,, ts, *, tq3 from Figure 5 into the transi-
tions t;” and t,”, t’ and t¢”, ", tg3’ and ty;” in Figure 7, respectively, and adds
places P4 and P5 and transition ty. The temporal restrictions derived from relations ry,
r;, ", Iy that must be imposed on activity a correspond to the input arcs of transitions
t’, tg’, 7, tq.3” (Figure 7). These restrictions are not represented here because rela-
tions ry, I ", Iy are generic.

Definition 4: Splitting transition t into transitions t” and t” consists in attributing all
input arcs of t to t” and all output arcs of t to t”.

Alternative behaviors: dependency relations and alternative activities

Let us consider that ry (Figure 7) represents relation b(b, a) — activity b must be
executed before a. In this case a temporal restriction must exist starting at transition
ts, whose firing indicates that b was already executed, and reaching transition t,’,
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similarly to the place Py inserted between transitions t; and t, in Figure 6a. Back to
Figure 7, firing one of the transitions t,’, t’, "~ , tq3’ indicates that the temporal re-
strictions derived from one of the alternative relations was fulfilled, which allows
transition ty whose firing generates the authorization event to begin execution of a.
Finally, to perform the connection between the basic MC for alternative depend-
ency relations and another MC, a merge must be made between transition ty and a
transition from the other MC that generates the authorization event to begin activity a,
as well as a merge between t;9 and a transition from the other MC that generates the
authorization to end a, considering a as the common activity to these mechanisms.

Figure 7: Basic MC with connection features for alternative relations.
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Figure 8: Basic MC for alternative behaviors to alternative activities.

The extension of basic MCs for alternative activities is completely analogous to that
of basic MCs for alternative relations. Figure 8 presents this basic MC with the con-
nection feature to activity a. The temporal restrictions derived from relations ry, ra, ",
I, that must be imposed on activity a correspond to the input arcs of transitions t,’, t;’

, t.3”. Firing one of the transitions indicates that the temporal restrictions derived

11



from one of the alternative relations was fulfilled, which allows transition t, whose
firing generates the authorization event to begin execution of activity a

3.2.3 Algorithm for Global Conditions (CGs)

Now that the basic mechanisms have been introduced, we can construct the coordina-
tion mechanism of an expression through connection operations among them. A pos-
sible approach is to build the mechanisms corresponding to each edge and each vertex
of the relation graph according to their labels and then make the connections accord-
ing to the graph’s adjacencies. The steps of the algorithm are listed below:

Given an expression &?
Obtain Partition of A: P(A) = {I,, I,, .. I,}
For k « 1 step 1 until (number of elements of P(A)) do
Step 1. Select set I, of activities a;
Step 2. Identify and model the list of direct re-
strictions for each a,-star, a, € I,;
Step 3. Connect the MC of a,-stars, a, € I, with the
proper MC of a,-stars, a, € I,
End for
If center I, from & has two activities a,6 and a,
then connect MCq}with MCa_;
End algorithm

In step 1 of the algorithm, the selection of set Iy of the current iteration is made
based on the definition of sub expressions of € and the partition of set A. Although the
identification process can be initiated by any set of activities, it is interesting to define
an activity selection order. This provides advantages to the identification process of
CGs, because the fact that an activity a; is a leaf (an activity with only one depend-
ency relation d(a;)* = 1) or is internal (an activity with more than one dependency re-
lation d(a;) > 1) can be known beforehand and used to simplify the modeling process.

To determine this order, given an expression g, a partition of activity set A is ob-
tained, denoted by P(A). The subsets that determine P(A) are established through a
sequence of expressions {&}, i = 0,1,2,...,u, obtained from the original expression g,
according to the following formation rule:

Table 2. Formation Rule

€ Formation Rule

€ is the original expression €;

€ Expression derived from g, eliminating the activities with degree 1 from g;

€ Expression derived from g, eliminating the activities with degree 1 from €;;

€y Expression derived from g, ;, eliminating the activities with degree 1 from g,.;.

3 & denotes the expressions E(A, R, F) and (E, G).
4 0(ai) denotes activity degree, i.e., the number of activities aj (j # 1) related to ai.
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Sequence {g;} has maximum size u+1, smaller than or equal to half the number of
activities n involved in an expression g, i.e. u < n/2 — 1. The largest value of u occurs
in linear expressions.

A partition P of activity set A of an expression € is given by P(A) = {Iy, L,...,L.},
where u <n/2 — 1, n being the number of activities and

[,={a, e¢,[0(a;) =1}
I, ={a; eg |0(a)) =1}
I, ={a; e¢,|0(a;) =1}

[,={a eg, [0@)=1}

The purpose of sequence {g;} is to formalize the partition criterion for A. In fact, it
is not necessary to effectively create {g;}. Computing a list containing the degree of all
activities is sufficient. Thus, I, is determined by selecting the a; activities in the list
such that d(a;) = 1. To determine I, the list must be updated. For each activity a; from
Iy : i) remove a; from the list; ii) subtract one unit from the degree of activity a; re-
lated to a;. Then I, is determined by all a; activities, j # i such that d(a;) = 1. This pro-
cedure ends with a list that has only one or two activities, i.e. the center of the expres-
sion, which corresponds to set L.

Once the partition criterion has been established, without losing generality an out-
side-in selection order is determined, i.e. from external activities (set I;) towards in-
ternal ones (I, , I3 ,..., I,). An advantage of this selection order is to begin by I; rather
than by Iy. Iy’s temporal restrictions can be determined when I;’s activities are proc-
essed.

Step 2 of the algorithm determines for each a; the list of direct restrictions. This re-
quires knowing the activity set a; related to it.

Definition 5: An aj-star is a subexpression determined by a;, by the activity set a;
related to a; and by its respective relations.

Analyzing an a;-star means determining the set of direct restrictions activity a;
must satisfy, called a;’s direct restriction list. To do this, consider A and B as two sets
of temporal restrictions and the following conventions:

1. A .and. B is the set formed by all temporal restrictions of A and B, read as A con-
junction B;

2. A .or. B is the set formed by all temporal restrictions of exclusively A or B, read as
A disjunction B.

The direct restrictions of the a;-star are the temporal restrictions derived from all
relations involving a; and formed by the conjunction of Cy, C, and C;, where:

C, is the conjunction of the restriction sets derived from the relations between a;
and the a; activities that satisfy the following properties:

1. a; ¢ G(ai);
2. the label of the edge defined by ai and aj is unitary (has one primitive).

C, is the disjunction of the restriction sets derived from the relations between a;
and the a; activities such that:
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1. ;€ G(ai).

C; is the conjunction of Cj;’s where each Cj; is the disjunction of the restriction sets
derived from the relations of the edge’s label, defined by a; and a; provided that a; sat-
isfies the following properties:

1. 3 ¢G(ay);
2. the label of the edge defined by a; and a; is not unitary.

[lustrating the algorithm using the example in Figure 1b, we have:

1. Considering the expression presented in Figure 1b, ay, a,, a4, as, ag, a7 are degree 1
activities.

2. Following the outside-in order, first the basic MCs must be built for the labels of
edges (a;, a3) and (a3, a,), and the connection operation between these two basic
MCs must be executed.

3. Then the basic MC for edge (ag, a;) and the basic MC for the label of activity ag are
built, and the connection operation between these two basic MCs is executed.

4. To determine the next basic MCs to be built, degree 1 activities are removed from
the graph; the resulting graph will display new degree 1 activities.

5. Basic MCs must be built for these edges involving degree 1 activities, and connec-
tion operations must be executed according to the graph’s adjacencies.

For the example in Figure 1b, the new degree 1 activities are a; and ag, which de-
termine the edge (as, ag). Therefore, the basic MC for the edge label must be built and
the connection operations must be executed with both mechanisms constructed in the
previous iteration, resulting in the MC of the expression of the example illustrated in
Figure 1b. The construction process always ends, because in a given moment the
graph will only have one or two activities corresponding to the center® of the original
graph. This occurs because, without the direction of the edges, the original expression
is an acyclic and connected graph, and the center of a graph with these characteristics
must have one or two vertices [14].

One can demonstrate that the algorithm to identify and model the CGs has com-
plexity O(n), where n is the number of activities. This demonstration is made based
on the following sequence of facts:

1. To select the activity set Iy, k = 1,2,...,u <n/2 - 1, in the k™ iteration all degree 1
activities must be identified, which requires O(n) operations for each iteration.
Therefore, the algorithm would become O(n?). To maintain linearity, the degree of
all activities is computed only once, and at each iteration the relation among the ac-
tivities’ degrees is updated by removing leaves from g This avoids having to
compute the activities’ degrees at each new iteration. Thus, only the cost of the ac-
tivity removal operation remains at each iteration, which is O(n), because there are
n activities that are removed only once.

2. The cost of the global MC construction process for a star is given according to its
number of relationships, being O(1) for each relation. The maximum number of re-

5 “The center of a graph is the subset of vertices with minimum eccentricity”. The eccentricity
of a vertex is the maximum distance between this vertex and any other vertex in the graph
[14]. The same definition is adopted for the center of an expression in GR.
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lations is 7(n-1), considering the case where each one of the n — 1 edges has a label
with 7 elements. Thus, the construction of the global MC for all stars in the expres-
sion is O(n).

3. The cost to connect the stars’ coordination mechanisms is also O(n), because the
number of stars is always smaller than the number of activities in the expression.

4 Conclusion

This work has presented a methodology to describe and coordinate interdependen-
cies among a set of activities performed in a collaborative environment. An algorithm
was presented to automate the generation of a Coordination Mechanism (MC) free
from temporal inconsistencies. The use of concepts from graph theory in the descrip-
tion process and in temporal behavior modeling allowed the principal contribution of
this work: the development of an algorithm that is linear with the number of activities
involved in a collaborative environment.

The GR methodology allows automating the generation of coordination mecha-
nisms by means of modeling tools and of the algorithm to identify and model global
conditions. Apart from reducing designers’ work, automation eliminates errors in the
determination of such conditions and standardizes the process of modeling global
conditions.

The coordination policy adopted in GR explores the advantages of both global and
local coordination. At the local level, the MCL explores the concept of modulariza-
tion, which allows modifying local mechanisms without interfering with the global
MC. This coordination policy enhances the use of the methodology presented herein
in collaborative environments, because generating coordination mechanisms that op-
erate at the global level and at the local level simultaneously is one of the difficulties
found in the coordination of collaborative activities [5].

Inserting one coordination level allowed a distinction between task coordination
and how this task is performed. The GR methodology does not determine how the
task is carried out, but what must be done and when. Another advantage of the ab-
straction-level approach is to make the use of the GR methodology independent from
previous knowledge of the formalism used to model the MCs (in this case, Petri
Nets).
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