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ABSTRACT

We extend the concept of timed Petri nets to explicitly
capture timing constraints and collaboration points along
a team process. Several properties of the model are exam-
ined. It can be employed as a collaboration mechanism for
agents operating in a dynamic, time-stressed environment.
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1. COLLABORATION NETS

Timed transition Petri nets (TTPT) [1] are extended Petri
Nets with timing constraints on the firings of transitions. A
timed transition Petri net is a tuple (P, T, A, fo,v), where P
is a finite set of token places; T' is a finite set of transitions;
AC (PxT)U(T x P) is a set of directed arcs connecting
places and transitions; fo is the initial marking (specifying
the number of tokens in each place p € P); and + is a map-
ping that associates each t € T with a time duration. The
input places of a transition ¢, denoted by et, are the places
from which an arc runs to t; the output places of ¢, denoted
by te, are the places to which arcs run from ¢. Similarly, ep
and pe denote p’s input and output transitions, respectively.

We extend timed Petri nets with concepts for modeling
multi-agent collaboration.

DEFINITION 1 (TOKEN TYPES). A local token 0 is a to-
ken that flows only within the net where it is originated; A
sync token m is a token received from another peer agent
through a synchronization message; A team token wa with
respect to a group G of agents is a meta token which contains
exactly one token slot for each agent a € G.
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Let ©, II, and € be the universe of local tokens, sync
tokens, and team tokens, respectively. Let wg(a) return a
reference to the token in the slot for agent a in wg. wae(a) =
null if the slot for a has no token.

DEFINITION 2 (FULFILLMENT). A team token wg is par-
tially fulfilled when da € G - wa(a) = null. we is fulfilled iff
(a) Va € G -we(a) £ null, (b) 3 € G-wa(b) € O, and (c)
Va#be G- wa(a)ell

That is, a team token is fulfilled iff there is exactly one
token from the local agent and one sync token from each of
the group members through synchronization messages.

DEFINITION 3 (NODE TYPES). A local node is a Petri
net place that consumes local tokens only. A team node with
respect to a group of participating agents is a Petri net place
that consumes local tokens (when a transition is fired) and
sync tokens (when a message is received) to produce a team
token and manages its fulfillment.

A transition can trigger the execution of an activity. An
activity can be performed by agents individually, or jointly
performed by a group of agents. In the case of a joint activ-
ity, we assume there is a team policy regulating its execution.
In the simplest form, a team policy should allow a group of
agents to be aware of the teamwork progress.

We assume that each activity « is associated with a role
constraint p(a), which specifies the capability requirements
on doers. We use CanDo(a, ) to indicates that agent a sat-
isfies p(a). We also assume that each activity « is guarded
with a collection of first-order expressions, which is denoted
by pre(a). An agent a cannot perform « if pre(a) is false
when it is evaluated relative to a’s mental state.

Because a group of agents need to synchronize their activ-
ities, we assume there is a global timing mechanism in the
system and define timers in terms of global time points.

DEFINITION 4  (TIMER). A timer£ is a tuple (s, e), where
s and e are the starting and ending global time points, re-
spectively.

Let s(£) and e(&) return the starting and ending points of &,
respectively, and = be the universe of timers.

DEFINITION 5  (COLLABORATION NET). A collaboration
net is an extended TTPT (L, M, T, A, fo,7,d), where

e [ is a finite set of local nodes;

e M is a finite set of team nodes. For each m € M, let
G(m) returns the group of participating agents (which
can be dynamically assigned in implementation);
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e T is a finite set of transitions, each of which is asso-
ciated with an activity. For each transition t € T, let
a(t) return the associated activity;

AC((LUM)XT)U(T x (LUM)) is a set of directed
arcs connecting places and transitions;

fo is the initial marking;

e v : T — E. ~(t) returns the timer associated with
transition t; and

e 0 : M — =, where §(p) returns the timer associated
with team mode p.

We say that a group of agents share a collaboration net iff
each agent has a local copy of the net and they all agree on
the global timing constraints as given by ~ and §.

DEFINITION 6  (SEMANTICS). When firing a transition
t, an agent a will (i) immediately remove the tokens from its
input places ot; (ii) idle if s(y(t)) has not come; (iii) when
s(y(t)) comes, start executing the associated activity a(t);
and (i) once e(y(t)) comes, stop the activity, deposit one
token in each of the output places te, and for any p € M Nte,
the slot of the team token for the local agent a is filled, and
the agent sends a synchronization message with a sync token
to each agent peer in G(p) excluding itself.

Hence, firing a transition takes a fixed, finite amount of time,
and any processing tasks associated with the transition can
be performed during the allocated time interval.

2. TIME AND TEAM STRICTNESS

DEFINITION 7 (TRANSITION ENABLENESS 1). A transi-
tion t of a collaboration net is T-enabled w.r.t. agent a iff
(i) CanDo(a, a(t)) holds; (i) pre(a(t)) is evaluated by a as
true; (1) for any p € ot, there is a token in p; and (i) for
any p € ot N M, e(6(p)) has just come.

DEFINITION 8  (TIME-STRICT NET). A time-strict net is
a collaboration net where a transition fires as soon as it is
T-enabled.

T-enableness is useful when the timeliness of a process is
a concern. However, in the case that a team token is only
partially fulfilled when e(§(p)) comes, some of the expected
agents might not be ready for the activities associated with
the subsequent transitions. As a consequence of using such
a transition enableness, the quality of service could be sacri-
ficed, because it might be the case that not all the allocated
agents could fully contribute to the subsequent activities
within the corresponding time intervals.

DEFINITION 9  (TRANSITION ENABLENESS 2). A transi-
tion t of a collaboration net is R-enabled w.r.t. agent a iff
(i) CanDo(a, a(t)) holds; (i) pre(a(t)) is evaluated by a as
true; (1) for any p € ot, there is a token in p; and (i) for
any p € ot N M, the team token in p is fulfilled.

DEFINITION 10  (TEAM-STRICT NET). A team-strict net
is a collaboration net where a transition fires as soon as it
is R-enabled.

PROPERTY 1. An agent following a time-strict net (or a
team-strict net) can be blocked (no enabled transitions) due
to lack of condition or capability.

An agent can wait when lack of condition happens. It
typically indicates that the net is inappropriately designed
when an agent can get blocked due to lack of capability.

PROPERTY 2. A team-strict net containing a team node
is sensitive to communication loss.

PROPERTY 3. Given a transition t of a team-strict net,
p € M s t’s input place only, and ot = {p}. Assume com-
munication is reliable, and Va € G(p)-CanDo(a, o(t)) holds.
If e(v(t)) has not come, then regardless of whether a(t) is
an individual or team activity, all agents in G(p) who eval-
uate pre(a(t)) as true will be involved in performing a(t).

One issue regarding team-strict nets is that the timing
constrains on a team node are completely ignored. What if,
due to communication delay or some other reasons, e(d(p))
is already passed when the associated team token is ful-
filled? To accommodate situations like this, we distinguish
two types of team-strict nets.

DEFINITION 11 (TIME-GREEDY TEAM NET). A time-
greedy team net is a team-strict net, with the semantics of
transition firing (Def. 6) expanded by (v) if the current time
falls within 6(p), immediately fill the slot of p’s team token
reserved for the local agent, and send a synchronization mes-
sage with a sync token to each agent peer in G(p) excluding
itself; (vi) if the current time falls within v(t'), skip all the
transitions between t and t' (including t), then start exe-
cuting the associated activity a(t') if pre(a(t’)) is true, and
idle if pre(a(t')) is false; and (vii) when there exist multiple
paths from t (i.e., in a net containing parallel branches), p
ort' in rules (v) and (vi) is determined by following any one
path where a € G(p') holds for any team node p’ on the path
and CanDo(a,a(t")) for any transition t' on the path.

DEFINITION 12 (TIME-ADAPTABLE TEAM NET). A time-
adaptable team net is a team-strict net with the semantics
of transition firing (Def. 6) expanded by (v’) if the current
time falls beyond ~(t), skip the activity, deposit one token
in each of the output places te, and for any p € M N te,
fill the slot of the team token for the local agent, and send
a synchronization message with a sync token to each agent
peer in G(p) excluding itself.

A time-greedy team net allows an agent to advance im-
mediately to a point where the unbroken timing constraints
can be most likely honored. This is important when timeli-
ness is critical. A time-adaptable team net allows an agent
to conduct minimal chores (e.g. synchronization, belief up-
date) before proceeding forward. Since all the activities with
broken timers are skipped, a delayed agent could catch up
with the other peer agents while still honoring the operation
sequence. A time-adaptable team net offers a compromised
solution when both timeliness and team coherence are the
keys to teamwork success.
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