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Cooperative Tasking for Deterministic Specification Automata
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ABSTRACT

This paper proposes necessary and sufficient conditions for task
decomposability with respect to arbitrary finite number of agents. A divide-
and-conquer approach for cooperative tasking among multi-agent systems is
proposed. The basic idea is to decompose an assigned global specification
(given as a deterministic automaton) into subtasks for individual concurrent
agents such that the fulfillment of these subtasks by each individual agent leads
to the satisfaction of the global specification as a team. A cooperative scenario
of three robots has been implemented to illustrate the proposed technique. This
work provides insights on what kinds of tasks can be achieved distributively,
which helps the designers to specify achievable global tasks for a group
of agents and design necessary information sharing among each other for a
particular task.

Key Words: Cooperative Control, Task Decomposition, Multi-agent Sys-
tems, Distributed Control, Discrete Event Systems

I. INTRODUCTION

The study of multi-agent systems has emerged
as a rapidly developing multi-disciplinary area with
promising applications in assembling and transporta-
tion, parallel computing, distributed planning and
scheduling, rapid emergency response and swarming
robots [[1]. The significance of multi-agent systems
roots in the power of parallelism and cooperation
between simple components that synergistically lead to
sophisticated capabilities, robustness and functionali-
ties [2]. The cooperative control of distributed multi-
agent systems, however, is still in its infancy with
significant practical and theoretical challenges that are
difficult to be formulated and tackled by the traditional
methods [3 14]. Among these challenges, this paper
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focuses on the cooperative tasking among a team of
agents.

In the last decades, an extensive body of efforts
has been devoted to the cooperative control of multi-
agent systems. Examples of these results include
consensus seeking [5, 6] and formation stabilization
[7, 18], navigation functions for distributed formation
[9], artificial potential functions [10], graph Laplacians
for the associated neighborhood graphs [7, [11]], graph-
based formation stabilization and coordination [12,13]],
distributed predictive control [14] and game theory-
based coordinations [15]. These methods successfully
model the interactions among the agents using the
topology graph and apply Lyaponuv-like energy
functions and optimization methods for stabilization
and formation of the continuous states of the agents.
Most of the existing methods usually predefine the
local interactions, e.g., the nearest neighbor law
in consensus, attraction and impulsion forces due
to local potential fields, and then investigate the
emergent behavior collectively. However, a more
relevant research question is how to design these local
interactions to guarantee a given desired collective
behavior or avoid undesired emergent behaviors.
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To address this problem, we aim to develop
a provably correct-by-design method to synthesize
local control laws and interaction rules among agents
so as to achieve a desired global task collectively.
While we focus on logical behaviors, it is assumed
that the global task is given as a deterministic
automaton and is broadcast to all agents. Individual
agents however have limited access to the global
information and project the global task automaton to
their local event sets and obtain local specifications.
The main research question here is that under what
conditions the satisfactions of these local specifications
distributively can imply the accomplishment of the
global task. Toward this objective, in our previous
work [16], the task decomposability condition was
provided for the case of two agents and a hierarchical
algorithm was proposed for more than two agents
as a sufficient condition. The approach was then
applied to the formation control of two unmanned
helicopters [17]. This paper leverages our previous
works by developing a scalable top-down correct-by-
design method for distributed coordination and control
of multi-agent systems such that the group of agents,
as a team, can achieve the specified requirements,
collectively. Necessary and sufficient conditions for the
decomposability of a task automaton with respect to an
arbitrary finite number of agents is provided. It is further
shown that the fulfillment of local specifications can
guarantee to achieve the global specification, provided
the satisfaction of the decomposability conditions.

The proposed conditions serve beyond the direct
comparison of the global task and the composition
of local specifications [18]], but gaining insights on
the decomposability in terms of the task structure and
event distribution among the agents. The proposed
decomposability conditions state that an automaton
is decomposable if and only if any decision on the
order or selection between two transitions can be made
by at least one of the agents, the interleaving of
any pair of strings after synchronizing on a shared
event does not introduce a new string that is not in
the original automaton (the parallel composition of
local task automata does not allow an illegal global
behavior), and each local task automaton bisimulates a
deterministic automaton (to ensure that the collection of
local tasks does not disallow a legal global behavior).
These insights may help operators to specify achievable
global tasks for a group of agents and design necessary
information sharing among each other for a particular
task.

The rest of the paper is organized as follows.
Preliminary notations, definitions and problem for-
mulation are represented in Section [[Il Section

introduces the necessary and sufficient conditions
for the decomposability of an automaton with
respect to parallel composition and an arbitrary finite
number of local event sets. This section furthermore
proves that, provided the task decomposability, the
fulfilment of local tasks result in the satisfaction of
global specification. This chapter also revisits the
implementation of the cooperative control scenario of
three robots [16] to illustrate the cooperative tasking for
more than two agents. Finally, the paper concludes with
remarks and discussions in Section The proofs of
lemmas are provided in the Appendix.

II. PROBLEM FORMULATION

We first recall the definition of deterministic
automaton [[19].

Definition 1 (Automaton) A deterministic automaton is
a tuple A :=(Q,qo, E,0) consisting of a set of states
Q; an initial state qo € Q; a set of events E that
causes transitions between the states, and a transition
relation § C Q x E x Q (with a partial map 6 : @ X
E — Q), such that (q,e,q’') € § if and only if state q
is transited to state q' by event e, denoted by q = ¢

(or 6(q,e) =q'). In general the automaton also has
an argument Q., C Q of marked (accepting or final)
states to assign a meaning of accomplishment to some
states. For an automaton whose each state represents an
accomplishment of a stage of the specification, all states
can be considered as marked states and )., is omitted
from the tuple.

With an abuse of notation, the definitions of the
transition relation can be extended from the domain of
@ x E into the domain of () x E* to define transitions
over strings s € E*, where E* stands for the Kleene —
Closure of E (the collection of all finite sequences of
events over elements of F).

Definition 2 (Transition on strings) For a deterministic
automaton the existence of a transition over a string
s € E* from a state q € Q) is denoted by (q,s)!
and inductively defined as 6(q,¢) = q, and §(q, se) =
0(6(q, s),e) for s € E* and e € E. The existence of a
set L C E* of strings from a state q € @ is then denoted
as 6(q, L)! and read as Vs € L : §(q, s)!.

The transition relation is a partial relation, and in
general some of the states might not be accessible from
the initial state.
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Definition 3 The operator Ac(.) [20] is then defined
by excluding the states and their attached tran-
sitions that are not reachable from the initial
state as Ac(A) = (Qac, G0, F,0ac) With Quc = {q €
Q|3s € E*,q € §(qo,5)} and .. = {(q,e,4') € d|e €
E.q,q € Quc}. Since Ac(.) has no effect on the
behavior of the automaton, from now on we take A =
Ac(A).

The qualitative behavior of a deterministic system
is described by its language defined as

Definition 4 (Language, language equivalent
automata) For a given automaton A, the language
generated by A is defined as L(A):={se
E*|6(qo, $)!}. Two automata Ay and A, are said
to be language equivalent if L(A1) = L(As).

In cooperative tasking, each agent has a local
observation from the global task: the perceived global
task, filtered by its local event set, i.e., through
a mapping over each agent’s event set, as the
interpretation of each agent from the global task.
Particularly, natural projections Pg,(Ag) are obtained
from Ag by replacing its events that belong to E\ E; by
e-moves, and then, merging the e-related states. The e-
related states form equivalent classes defined as follows.

Definition 5 (Equivalent class of states, [21l]) Con-
sider an automaton Ag = (Q, qo, E,d) and an event
set B' C E. Then, the relation ~g/ is the minimal
equivalence relation on the set () of states such that
q €d(q,e) Ne ¢ E' = q~pg ¢, and [q|g denotes the
equivalence class of q defined on ~pg:. The set of
equivalent classes of states over ~p», is denoted by
Q/~,, and defined as Q. ., = {[q]e'|q € Q}.

~ps is an equivalence relation as it is reflective
(q ~g' q), symmetric (q ~g' ¢ < ¢ ~p/ q) and tran-
sitive (¢ ~p' ¢ Nq' ~p ¢" = q~p ¢").

It should be noted that the relation ~g/ can
be defined for any E' C E, for example, ~p, and
~g,UE;, respectively denote the equivalence relations
with respect to E; and E; U E;. Moreover, when it is
clear from the context, ~; is used to denote ~p, for
simplicity.

Next, natural projection over strings is denoted by
pe : E* — E'*, takes a string from the event set £ and
eliminates events in it that do not belong to the event set
E’ C E. The natural projection is formally defined on
the strings as

Definition 6 (Natural Projection on String, [20])

Consider a global event set E and an event set E' C

E. Then, the natural projection pg : E* — E™* is

inductively defined as pg/ (¢) = ¢, andVs € E*,e € E :
| pE/(s)e ifee E’;

pr(se) = { pE(s)  otherwise.

The natural projection is then formally defined on
an automaton as follows.

Definition 7 (Natural Projection on Automaton) Con-
sider a deterministic automaton Ag = (Q,qo, F, )
and an event set E' C E. Then, Pr/(Ag) = (Q;=
Qs lq0)Er, E',0"), with [¢'| € 0'(lq]Er s €) if there
exist states q1 and q) such that q ~p q, ¢ ~p
q, and 6(q1,e) = q. Again, Pg/(Ag) can be defined
into any event set E' C E. For example, Pg,(Ag)
and Pg,ug,(As), respectively denote the natural
projections of Ag into E; and E; U E;. When it is clear
[from the context, Pg, is replaced with P;, for simplicity.

The collective task is then obtained using the
parallel composition of local task automata, as the
perception of the team from the global task.

Definition 8 (Parallel Composition [19])

Let A; = (Qi,q?,Ei,éi), 1=1,2, be automata. The

parallel  composition (synchronous composition)

of A1 and As is the automaton Ai||A;=

(Q=Q1 x Q2,90 = (¢V,49), E = By U Ey,6), with §

defined asV(q1,q2) € Q,e € E :

0((q1,q2),e) =
(61(q1,€),02(q2,¢)),

(51 (Q1a 6), q2) )

if(51(q1, e)!v 62(QQ7 6)17
e € F1NEy;
if§1(q1, 6)!, ec El\EQ;

(g1, 02(g2. €)) » if 62(q2,€)! e € E2\Ey;

undefined, otherwise.

The parallel composition of A;, i=1,2,...n

is called parallel distributed system, and is defined
based on the associativity property of parallel

composition [20] as || A;:=A1 ] ... || A=A,
i=1
(An—y I ¢+ Il (A2 || A1))).

The obtained collective task is then compared
with the original global task automaton using the
bisimulation relation, in order to ensure that the team of
agents understands the global specification, collectively.

Definition 9 (Bisimulation [20]) Consider two
automata A; = (Q:, 0, E,6;), i = 1,2. The automaton
A1 is said to be similar to Ay (or As simulates Ay),
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denoted by A1 < As, if there exists a simulation relation
from Aq to As over QQ1, Qo and with respect to E, i.e.,
(1) (¢7,49) € R, and (2) ¥ (q1,42) € R, ¢} € 61(q1,€),
then 3¢}, € Q2 such that ¢4 € 62(q2,¢e), (¢1,¢5) € R
[20].

Automata Ai and Ao are said to be bisimilar
(bisimulate each other), denoted by A1 = Ay if A1 <
Ao with a simulation relation Ry, Ay < A1 with a
simulation relation Ro and Rfl = Ry [22l], where

Ri' = {(y,7) € Q2 x Q1|(z,y) € R1}.

Based on these definitions we may now formally
define the decomposability of an automaton with
respect to parallel composition and natural projections
as follows.

Definition 10 (Automaton decomposability) A task
automaton Ag with the event set E and local event sets

E,i=1,...n E= LleEl is said to be decomposable

1=

with respect to parallel composition and natural

projections P;, i = 1,--+ ,n, when || P;(Ag) = Ag.

i=1

Example 1 The

€2 b €3 c es d
o—0—0—>0—>0—>0—0

|

e ) [ )

ell dT
a €2 b es3 c es

oe—>0—>0—>0—>0—>0—>0

automaton Ag:

with F=FE,UF,UFE3 FE;= {G,C, d,61,€5},

Ey ={a,b,d, ez}, Es ={b,c,es}, Py (Ag):
c es d
. //g//7_. L) [ ] [ ] >
\\;;\S\ [} a [ ) ¢ [ ] e [} d [ )
Py(Ag) Y —>e-0e 200 %o and
P3(Ag) > —e LGP S , is decomposable
as As = Py (Ag)||P2(As)||Ps(Ag).

Remark 1 Since bisimilarity is an equivalence relation
it is also transitive, and hence P;(Ag)’s can be denoted
as being bisimilar, rather than equal to the drawn
automata, since P!(Ag) = P;(Ag), i=1,...,n, and

| P/(As) = Ag is equivalentto || P;(Ag) = As.
o ,

i=1

1=

In [16], we proposed a necessary and sufficient
condition for the task decomposability with respect to
two agents. For more than two agents a hierarchical

algorithm was proposed to iteratively use the
decomposability for two agents. The algorithm is
a sufficient condition only, as it can decompose
the task automaton if at each stage the task is
decomposable with respect to one local event set and
the rest of agents. For instance, in Example [I] Ag,
is decomposable as A, = Pi(Ag)||P2(As)||Ps(As),
and choosing any of local event sets E;, F5 and Ej
the algorithm passes the first stage of hierarchical
decomposition, as A; = P (Ag)|[(P2(As)||P3(As)) =
Py(As)||(P1(As) || Pa(As)) =
Po(Ag)||(P1(Ag)||P3s(Ag)), but it gets stuck at
the second step, as Pg,up,(As) 2 P2(As)||Ps(As),
Pp,up, (As) Z Pi(As)||P2(As) and Pp,uk,(As) #
Py (Ag)||Ps(Ag)). Moreover, it is possible to show
by counterexamples that not all automata are
decomposable with respect to parallel composition and
natural projections (see following example). Then, a
natural follow-up question is what makes an automaton
decomposable.

Problem 1 Given a deterministic task automaton Ag
n
with event set E = U E; and local event sets E;,

i=1
i=1,---,n, what are the necessary and sufficient
conditions that Ag is decomposable with respect to
parallel composition and natural projections P;, i =
n
1,---,n, such that || P;(Ag) = Ag?

)
i=1

III. TASK DECOMPOSITION FOR n
AGENTS

The main result on task automaton decomposition
is given as follows.
automaton  Ag =

Theorem 1 A  deterministic

<Q,q0,E =U Ei,6> is decomposable with respect

i=1

to parallel composition and natural projections P,

i=1,...,nsuchthat As = || P;(Ag) if and only if
i=1

1=

e DC1:Vey,es € E,q € Q: [6(g,e1)! Ad(g,e2)!]
= ElEl S {El, A 7E/‘n}, {61, 62} -
E;]V [6(q,e1ea)! Ad(q,ezer)];

e DC2: Vei,es € E,q € Q,
[6(g,e1€28)! V 6(q, eae18)!]
= BEZ S {E‘l7 . ,En}, {61,82} -
Ei] Vv [0(q,e1e28)! A 0(q, e2e15)!];

e DC3: Vq,q1,92 € Q, strings s,s' over E,
5(qa 5) = q1 5(Qasl) = (g2, E'Z,] S {17 T 771},
i #J, pEinE;(8), DPEnE ()  start  with

s e FE*:
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aEEZ-ﬂEj: P; (A) ‘<AS(q)

1

(where

=3

A:= ——>e—>e and Ag(q) denotes an
s’ °
automaton that is obtained from Ag, starting
from q, and
e DC4: Vie{l,..,n}, z,x1,22 € Q;, 1 # T2,
e€E;, tekE x1€d(xe), x€di(x,e):
(5i($1,t)! =4 5i($2, t)'

Proof: In order for Ag = |n| P; (Ag), from the
definition of bisimulation, it is réalllired to have Ag <
ﬁ P; (As); |n| P; (As) < Ag, and the simulation
gllations are i;:«lerse of each other. These requirements
are provided by the following three lemmas.

Firstly, .|n|1 P, (Ag) always simulates Ag. For-

=

mally:

Lemma 1 Consider a deterministic automaton Ag =

n
(Q, q90,E= U E;, 5) and natural projections P;, i =
i=1

2

1,...,n. Then, it always holds that As < || P; (As).
i=1

The similarity of || P;(As) to Ag, however,

=1
is not always true (see Example @), and needs some
conditions as stated in the following lemma.

Lemma 2 Consider a deterministic automaton Ag =

<Q, q90,E= U Ei, 5) and natural projections P;, i =
i=1
1,...,n. Then, || P;(Ag) < Ag if and only if
i=1
e DC1:Vey,eq € E,q € Q:[0(q,e1)! Ad(q,e2)]
= EEZ' S {El, . 7E’n}, {61, 62} -
El] v [6(q7 6162)! A 6(Qa 6261)!];
e D(C2: Vei,es € E,q € Q,
[0(q,e1e28)! V 6(q, eae19)!]
= [E'EZ € {El, A 7E)n}, {61, 62} -
E;]V [6(q,e1e29)! A d(q, ezers)l];
e DC3: Vq,q1,q2 € Q, strings s,s' over F,
o(q,s) =qu, 6(q,8") =g Fi,je{l, -+ ,n}
i#j, PEnE,(S), DPENE () Start  with

se E*:

a€ E;NE;: [| Pi(A) < As(q)  (where
i=1

A= —>e—">e and Ag(q) is an
. -

automaton that is obtained from Ag, starting
from q).

Next, we need to show that for two simulation
relations R; (for Ags < || Pi(As)) and Ry (for
i=1

1=
n

|| P;(As) < Ag) defined by the above two lemmas,
i=1

R{' =R,.

Lemma 3 Consider an automaton Ags = (Q,qo, E =
E1 U Es,d) with natural projections P;, i =1,...,n.
If As is deterministic, As < || P;(As) with the
i=1
simulation relation Ry and || P;(Ag) < Ag with the
i=1
simulation relation R, then Rl_1 = Ry (ie, Vg € Q,
z € Z:(z,q) € R2 < (¢,2) € Ry) if and only if DC4:
Vie{l,...,n}, z,x1,20 € Q;, ¥1F# T2 e€E;, tE
E;»k, xr1 € 57;(1}76), To € (52(%,6) 52($17t)' -~ 5l($2,t)'

Now, Theorem |1| is proven as follows. Firstly,
conditions DC1 and DC?2 in Theorem [I]are equivalent
to the respective conditions in Lemma [2[ due to the
logical equivalences (p Aq) =r=qg= (—pVr) and
p<q=(pVq) = (pAg), for any expressions p and
As= || Pi(As)if

1=

q. Then, according to Definition

and only if Ag < || P; (Ag) (that is always true due to
i=1

Lemmall]), || P;(As) < Ag (that it is true if and only

1=1
if DC1, DC?2 and DC3 are true, according to Lemma
and R1_1 = Ro (that for a deterministic automaton

As, when Ag < || P;(Ag) with simulation relation

i=1
Ry and || P;(As) < Ag with simulation relation R,
i=1
due to Lemma 3| R;! = R, holds true if and only if

DC4 is satisfied). Therefore, Ag = || P; (Ag) if and
i=1
only if DC1, DC2, DC3 and DC4 are satisfied. B

Remark 2 [Intuitively, the decomposability condition
DC'1 means that for any decision on the selection
between two transitions there should exist at least one
agent that is capable of the decision making, or the
decision should not be important (both permutations in
any order be legal). DC?2 says that for any decision
on the order of two successive events before any
string, either there should exist at least one agent
capable of such decision making, or the decision should
not be important, i.e., any order would be legal for
occurrence of that string. The condition DC3 means
that the interleaving of strings from local task automata
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that share the first appearing shared event (pg,ng, ()
and pp,nE, (") start with the same event a € E; N
E;), should not allow a string that is not allowed
in the original task automaton. In other words, DC3
is to ensure that an illegal behavior (a string that
does not appear in AS ) is not allowed by the team

(does not appear in H P; (Ag)). The last condition,

DC4, deals with the nondetermlmsm of local automata.
Here, Ag is deterministic, whereas P; (Ag) could be
nondeterministic. DC4 ensures the determinism of
bisimulation quotient of local task automata, in order
to guarantee that the simulation relations from Ag to

|| P; (Ag) and vice versa are inverse of each other. By
i=1
providing this property, DC4 guarantees that a legal

behavior ( appearing in Ag) is not disabled by the team
(appears in H P; (Ag)).

Example [I] showed a decomposable automaton.
Following example illustrate the automata that are
indecomposable due to violation of one of the
decomposability conditions DC1-DC4, respectively,
although satisfy other three conditions.

Example 2 The automata As:

L e g With
e~ €3 €2 °

{e2}, B3 = {es};

local event sets E1 = {e1,e3}, Fy =
es

610(1

AQ.’ ° ° ° with
>‘\ oo e "0
E1 = {a, 61}, E2 = {a, 62},' A3.‘
P L b o With B =
elq\ b €2
° ° ° °
62¢
° ° ° °
{a,b,e1}, Eo= {a bea}, Es3={b}, and Ay:
b .
a oo e "5 with
— > —
ﬁ PO P NP AP T,

E:El UEQUE3r El :{a,b7€1362a63};
Ey = E5 ={a,b,eq,e3} are not decomposable as
they respectively do not satisfy DC1, DC2, DC3 and
DC4, while fulfill other three conditions.

Remark 3 (Decidability of the conditions) Since this
work deals with finite state automata, the expression s €
E* in the decomposability conditions can be checked
over finite states as follows.

The first condition DC1 involves no expression
“s € E*”, and hence, can be checked over the finite
number of states and transitions. According to the
definition, the second condition DC2: Ve, es €
E,qeQ,s€ E*VE;, € {F,...E,},{e1,e2} ¢ E;:
0(q,e1e28)! < 0 (q,e2e18)!;  (or DC2: Ve, es €
E,qe@, seE* [§(qeezs)! V(g exe19)] =
[3E; e {E1,...,E.}, {e1,ea} C E;]V [6(q, e1e28)! A
0(q, eze18)!]) can be checked by showing the existence
of a relation 1:22 on the states reachable from (g, elqg)
and  6(g,eze1) as  (0(q,e1e2),d(q, e2e1)) € Ry,
V(ql,qg) € Ry, ec E:

1 6(q.e)=¢1 = Iy € Q, (g2, €) = g5,
(¢}, 4%) € Ro, and

2. 6(g2,€) =g = I € Q, o(q1,e) = q1,
(91:43) € Ra.

For instance, A, in Example violates DC?2
as ((5((]0,6162),(5(%),8261)) € Ry, des € E,
5(5((]0, 6162), 62)!, but —|5(5(q0’ 6261)7 62)!.

Checking DC3 also can be done over finite
states by corresponding the pairs of strings s,s’ such
that 3q,q1,92 € Q, 6(q,5) = q1, 6(¢,8") =¢qo, Fi,j €
{1,---,n}, i#J, peinE(8), PEinE(S) start with
a € E; N Ej, and then forming A :=

s
—_— 0 —> @
\

S [ ]
and Ag(q) ( an automaton that is obtained from Ag,

starting from q). and checking || P; (A) < As(q). For

i=
example, consider As in Exampleand let s1, so and s3
denote its strings from top to bottom. This automaton is
not decomposable since || P (A) £ As(qo) for A =

=1

s e, Here, s, and sy synchronize on a €

S2 Y
n
Ey N E5 and generate a new string ejabes in || P; (A)

=1
that does not appear in Ag. The fourth cona’itizon (DC4:
Vie{l,...,n}, z,x1,20 €Q;, w1 £ a9, e€E;, t€
E:, xr1 € (51‘(1‘,6), o € (51‘(.13,6).' (5i($1,t)! =4 (Si(l‘g,t)!)
also can be checked over finite states, by checking the
existence of a relation Ry on the states reachable from
x1 and x9 as (1‘1,.732) € R4, V(I3,$4) S R4, ec E:

1. 25 € 52-(:103,?) = 2}, € Q;,
(xh,2}) € Ry, and

2.z € 0i(xq,e) = Tzh € Q;,
(¢, @) € Ry.

xy € §;(xy,€),

xh € §;(x3,e),

Definition of this relation is a direct implication
of DC4 that requires identical strings after any
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nondeterministic transition in any local automaton.
For example, the task automaton Ay in Example [2]
does not satisfy DC4, as for Py(Ag) = P3(Ag) &

[ b
RN
a\ €2 b e3
) D) @)

Ry = {(y1,94), (Y2, 95), (Y3, ¥6) }, (y3,Y6) € Ra, Jes €
E, 62(1/67 63)!, but ﬁég(yg, 63)'

—®

More importantly, the proposed method provides
some guideline on the structure of the global
specification automaton and the distribution the events
among the agents in order for decomposability.

Remark 4 (Insights on enforcing the decomposability
conditions) The result in Theorem [I| provides
us some hints for ruling out indecomposable
task automata and for enforcing the violated

decomposability  conditions.  For  example, if
361, es € Ea qc Q [5((], 61)! A 5((]7 62)!] but
neither AE; € {E1,...,En},{e1,e2} C E; nor

0(g,e1e2)! A (g, ezer)), then Ag is not decomposable
due to the violation of DC1. To remove this
violation there should exist an agent with local
event set E; € {F1,...,E,} such that {e1,es} C E,.
For instance, For instance, in the automata Ag:

. et g withlocal event sets E1 = {e1,es},

o <l o>,

Eg = {62}, E3 = {63}, lf EQ = {61,62} and
Es ={ea,e3}, then DC1 was satisfied. This
solution also works for an indecomposability
of As due to a violation of DC2 where
Jdey,ea € E,q € Q, s € E*: §(q,e1e28)! V 6(q, eae1)!
but neither 3E; € {E1,...,E,}, {e1,ea} C E; nor
0(q,e1e28)! A d(q,exe15)l.  For example, in Ag:

s 0 02 o L o, With local event sets
Ey ={e1,e3}, FEs={ea}, E3={es}, again if
Ey ={ei,ea} and E3 = {ea,e3}, then DC1 was
satisfied. Violation of other two conditions, DC3
and DC4, is caused due to synchronization of two
different branches s and s' from different local task
automata, say P;(As) and P;(Ag), on a common
event a € E; N E;. This synchronization may impose
an ambiguity in understanding of As, when P;(Ag)
and P;(Ag) synchronize on a. If one string in P;(Ag)
after synchronization on a, continues to another string
in Pj(As) and this interleaving generates a new

n
string in || P;(Ag) that does not appear in Ag,
=1

1=
then DC3 is dissatisfied, whereas if this interleaving
causes that a string in Ag cannot be completed

n
in || P;(Ag), then DC4 is violated. DC4 can be
i=1
also violated due to a nondeterminism on a private
event in a local automaton, which again causes an
n
ambiguity in the collective task || P; (Ags). One way
i=1
to remove this ambiguity is therefore by introducing
the first events in s and s' to both E; and E;. In
this case the synchronization on event a will only
occur on the projections of identical strings from
Ag and also it avoids the nondeterminism in local
automata. For example, the task automaton Ag:

°l o . o, with local event sets

[
a¢ €2 €3

o ——=0 —> 0

€3 €2
[

E, ={a,e1,e3} and Es={a,ex} satisfies DC1
and DC?2, but violates DC3 and DC4, and hence
is not decomposable as the parallel composition

of P(Ag) = oo oo, and

N

PAA4) = —= s —m e, is Pi(ds)|[Po(ds) =
a es

e ——>0

€3
e —>60

a €1 - a €2 es
. ° o ° ° o X
R R
o< o o —>eo °
As. Now, inclusion of e in FEs leads to
Py(Ag) = e >e—">0e and makes

Ag decomposable.

Once the task is decomposed into local tasks
and the local controllers are designed for each local
plant, the next question is guaranteeing the global
specification, provided each local closed loop system
satisfies its corresponding local specification.

The cooperative tasking result can be now
presented as follows.

Theorem 2 Consider a plant, represented by a parallel

distributed system || Ap,, with given local event sets
i=1

FE;, i =1,...,n, and let the global specification is given

n
by a deterministic task automaton Ag, with E = 'U1Ei'
P

Then, designing local controllers Ac,, so that ;1(;
Ap, 2 Pi(Ag), i = 1,--- ,n, derives the global closed
loop system to satisfy the global specification Ag, in

the sense of bisimilarity, i.e., | (Ac, || Ap,) = As,
i=1
provided DC'1, DC?2, DC3 and DC4 for Ag.
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Proof': Following two lemmas are presented to be
used for the proof.

Lemma 4 (Associativity of parallel composition [20])
Py(Ag) || P2(As) || -+ | Pn1(As) [| Pn(As) =
Po(As) | (Pa-1(As) I (--- | (P2(As) [| Pr(As)))).

Lemma5 [[6] If two automata A, and Ay
(bi)simulate, respectively, Ay and As, then As || Ay
(bi)simulates Ay || As, i.e.,

1. (A1 < AQ) AN (Ag < A4) =
(A || Az < Az || Ag);

2. (AL = A) N (A3 = Ay) =
(

Al ]| As = As || Ay).

Now, satisfying DC1-DC4 for Ag, according to
Theorem [T} leads to decomposability of Ag into local
task automata P;(Ag), i = 1,...,n, such that Ag & ||

i=1
P;(Ag). Then, choosing local controllers A¢,, so that
Ac, || Ap, & Pi(As), i =1,2,--- ,n, due to Lemma

2,resultsin | (e, [ Ap) = || Pi(Ag) =~ Ag.
| I

i=1 i=
In the following example, we recall the task

automaton of cooperative multi-robot scenario from
[16] (with the correction of robot indices Ry, R and R
from right to the left), where the global task automaton
has been decomposed into local task automata using
a hierarchical approach as a sufficient condition by
which the decomposability conditions for 2 agents are
successively used for n agents. Here, we decompose Ag
directly using Theorem ]

Example 3 (Revisiting Example in Section 5 for
decomposability using Theorem [I) Consider a team
of three robots Ry, Ry and Rs in Figure (1} initially
in Room 1. All doors are equipped with spring to
be closed automatically, when there is no force to
keep them open. After a help announcement from
Room 2, the Robot Ry is required to go to Room 2,
urgently from the one-way door Do and accomplish
its task there and come back immediately to Room 1
from the two-way, but heavy door D1 that needs the
cooperation of two robots Ry and Rs to be opened. To
save time, as soon as the robots hear the help request
from Room 2, Ry and Rs go to Rooms 2 and 3, from
Dy and the two-way door Ds, respectively, and then
Ry and Rj3 position on Dy, synchronously open D,
and wait for the accomplishment of the task of Rs in
Room 2 and returning to Room 1 (Ry is fast enough).
Afterwards, R, and R3 move backward to close D,

Fig. 1. The environment of MRS coordination example.

and then Rs returns back to Room 1 from Ds. All
robots then stay at Room 1 for the next task [16]. These
requirements can be translated into a task automaton
for the robot team as it is illustrated in Figure[2] defined
over local event sets Ey ={hi, RitoD;, RionDs,
FWD, Diopened, Rginl, BWD, Diclosed, r},
E5 = {hs, Roto2, Rain2, Dyopened, Rotol, Ryinl,r},
and E3 = {hg, R3t03, Rgin?), RgtODl, RgO?’LDl,
FW D, Diopened, Roinl, BW D, Diclosed, Rstol,
Rsinl, r}, with hi:= R; received help request,
i=1,2,3; RjtoDy:= command for R; to position on
Dy, 7=1,3; RjonDy:= R; has positioned on Dy,
7 =13, FWD:= command for moving forward (to
open D1); BW D:= command for moving backward
(to close D1); Diopened:= Dy has been opened;
Dyclosed:= Dy has been closed; r:= command to go
to initial state for the next implementation; R;tok:=
command for R; to go to Room k, and R;ink:= R; has
gone to Room k, i1 =1,2,3, k=1,2,3.

To check the decomposability of As using
Theorem [I| firstly DC1 and DC2 are satisfied
since for any order/selection on the pairs events,
each from one of the sets {hy1, RitoD1, RionD1} C
El\{Eg U Eg}, {hg, Rsto2, RQ’L’H?} - EQ\{El U Eg}
and {]’L3, R3t03, R3in3, R3t0D1, R30HD1} -
Es\{E1UEy} and also the pairs of event FW,
paired with events from {ha, Rato2, Roin2}, the
events appear in both orders in the automaton.
The rest of orders/selections on transitions that
are not legal in both orders can be decided by
at least one agent, as {RyonD,,FWD} C Fj,
{RsonD1, FWD} C E5, {FWD, Dyopened} C Ej,
{D;opened, Ratol} C En, {Rstol, Roinl} C En,
{R2inl, BWD} C Ej, {BW D, D;closed} C Ej,
{D:closed, Rstol} C Ej, {Rstol, R3inl} C Ej,
{Rszinl,r} C Ej, {r,h1} C Ey, {r,ha} C Ey,
{r,h3} C E3. Moreover, since starting from any
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Fig. 2. Task automaton Ag for robot team.
h R D Diopened
PI(AS) ° ! ° Lon 1. ol P .BWD. °
RitoD4 FW D Rsinl Dclosed
L : )
. h Roin2 Ratol
P2(AS) %.%2-.%.21”‘%.2%0-.%.
2to2 Djopened Roinl
N , )
P:(A hs R3in3 RsonDq Djopened BWD Rstol
3( S) —> 0 —>0—>0—>0—>0—>0—>0—>0—>0 >0 —>0—>0—>0
RstoDq FWD Roinl Diclosed

Rgi’rll
. )

Fig. 3. P1 (As) for Rl; PQ(As) for R2 and P3(As) for Rg.

state, each shared event e € { FW D, Dyopened,
Roinl, BWD, Dyclosed,r} appears in only one
branch, DC3 is satisfied. Furthermore, DC4 is also
satisfied since P;(Ag), i =1,2,3 are deterministic
automata. Therefore, according to Theorem |I| Ag is
decomposable into P;(Ag), i = 1,2,3, as illustrated in
Figure 3] bisimulates As.

Choosing local controllers Ac, := P;(As) leads
to Ac, || Ap, = P,(Ag), i =1,2,3 that according to

Theorem [2| results in || (Ac, || Ap,) =2 || Pi(As) =
i=1 i=1
Ag, ie., the team of controlled robots collectively

satisfy the global specification Ag. The scenario has

been successfully implemented on a team of three
ground robots.

IV. CONCLUSION

The paper proposed a formal method for
automaton decomposability, applicable in top-down
decentralized cooperative control of distributed discrete
event systems. Given a set of agents whose logical
behaviors are modeled in a parallel distributed system,
and a global task automaton, the paper has the
following contributions: firstly, we provide necessary
and sufficient conditions for decomposability of an
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automaton with respect to parallel composition and
natural projections into an arbitrary finite number of
local event sets, and secondly, it has been shown that if
a global task automaton is decomposed for individual
agents, designing a local supervisor for each agent,
satisfying its local task, guarantees that the closed
loop system of the team of agents satisfies the global
specification.

The proposed decomposability conditions can be
applied to the discrete event systems in which all states
are marked. The example of such systems include the
manufacturing machines with routine tasks, execution
of PLC (programmable Logic Controller) systems that
the subroutines are visited iteratively, and any other
such systems that all states of the system should be
visited and hence can be attributed to marked states.
Therefore, future works include the extension of the
results for the class of systems with only some of
the states as marked states. For this purpose new
decomposability conditions have to be developed such
that the composition of local automata preserves the
marked states of the global task automaton. Other
interesting directions on this topic are the fault-tolerant
task decomposition in spite of failure in some events,
and decomposabilizability of an indecomposable task
automaton by modifying the event distribution.

Appendix A. Definitions

This part provides some definitions to be used
during the proofs of the lemmas in the Appendix.
Firstly, we successive event pair and adjacent event pair
are defined as follows.

Definition 11 (Successive event pair) Two events e;
and ey are called successive events if dq € Q :

0(q,e1)! Nd((q,e1),e2)! or§(q,e2)! A 6(6(q,ez2),e1)!.

Definition 12 (Adjacent event pair) Two events e; and
es are called adjacent events if Jq € Q : 6(q,e1)! A

5(qa 62)!'

We will also use synchronized product of
languages in the following section, defined as follows.

Definition 13 (Synchronized product of languages
[23]) Consider a global event set E and local event sets

E;,v=1,...,n, such that £ = QlEZ For a finite set

of languages {L; C Ef}"_,, the synchronized product

(product language) of {L;}, denoted by | L, is
=1

1=

defined as | L ={se€ E*|Vic {1,...,n} :pi(s) €

=1
Li} = Np; (L),

Remark 5 Using the product language, it is then possi-
ble to characterize the language of parallel composition
of two automata Ay and As, with respective event sets
Ey and E,, in terms of their languages, as L(A1||As) =
L(A)|L(A2) = py M (L(Ar)) Npy H(L(Ag)) with p; :
(E1UER)* - Ef, 1=1,2 [23]. Accordingly, the
interleaving of two strings is defined as the product
language to their respective automata as follows.
Let A1 = ({ql, . qn}, {ql},El = {61, ...,en},él) and
As = ({4}, a3, {di} B2 = {€], ..., e, }, d2) denote
path automata (automata with only one branch) ¢, =

@3 .. 5B q, and ¢, 4 @ 2.3 q,., respectively.
Then, L(A1||A) = 3|8’ = p; () Npy(s') with s =
e1,....en, § =é€l,...,el, and p;: (E1UE3)* — EF,
1 =1,2. Here, s denotes the prefix-closure of an string,
defined as the set of all prefixes of the string. Formally,
if s is the event sequence s:= ejes...e,, then s :=

{e,e1,e1€9,...,e1€3...€, }.

Example 4 Consider three strings s1 = e1a, So = aes
and s3 = aey. Then the interleaving of s1 and so is
31|53 = €1ae; while the interleaving of two strings so
and s3 becomes $3|53 = {aejes, aeseq }.

Appendix B. Proof for LemmalT]

Recalling Lemma 1 in [16], stating
that for a deterministic automaton
AS:(Q7QOaE:E1UE276)’ AS_<
Pi(Ag)||P2(Ag), it leads to P 5 E,-(AS) =<
Pu(As)IP 5, (As), m=1,...,n—1,

i=m-+1
for As=(Q,q,FE = 4@1 E;9). Therefore,
As = PiglEi(AS) = Pl(AS)HPinEi(AS) =
Pi(As)IP(A)IPy , (As) < ... < || Pi(4s).
i=3 i=1
Appendix C. Proof for Lemma 2]
Sufficiency:  Consider the  deterministic

automaton Ag = (Q, qo, E, §). The set of transitions in
|| Pi(As) = (Z,20, E,9))) is defined as T' = {2z :=
i=1

1=
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‘ pi(si)
i=1

(zh, - 2l) T — 2= (w1, 7)) €EZ =

n /‘=‘1pi(5i)

I1Q:}, where, (2, -+ ,28) "— (21, -+ ,2,) in
i=1

n . . . . ; pisy)

| P;(Ag) is the interleaving of strings zf — z; in
i=1

Pi(As), i=1,---,n (projections of gy — 6(qo, s;)
in Ag. Let L (AS) C L (Ag) denote the largest subset
of L(As) such that Vse L(Ag),3s' € L(Ag),
ElEian € {Elv"'vEn}ai7éj,pEiﬂE_j ( ) and
PE.nE; (s') start with the same event. Then, 7' can
be divided into three sets of transitions corresponding
to a division of {Fl, I'3,T'5} on the set of interleaving

I={ | pi(si)lsi € E*,q0 = 6(qo, si)},

1=1

where, I‘lz{ | pz( i) € Dlsy, .-

= sn}, F2—{|pz i) €T s1, s ¢
L(As),3si,s5 € {s1,- Sn},&?'ésj,}, I's =

n

{ | pz( )EFlSZEL(As)}

strings

ySn ¢ z:’("45)331 =

Moreover, since

n
|| Pi(As) < As is reduced

i=1

Ag is deterministic,

to d(qo, | pi(s))! in Ag for transitions in T.
i=1
|| Pi(As) < As.

Thus, defining a relation R as (zg,qg) € R, R :=
{(z,q) € Zx Q|3t € E*,z € 0|(20,1)}, the aim is to

show that R is a simulation relation from H P;(Ags)
to Ag. =

For the interleavings in I'y, Vz,20 € Z, e € E,
z1 € 0)(2,e): 3¢, q1 € Q, 6(q,e) = q1 such that Vz[j] €
{z[1],- -+ ,z[n]} (the j —th component of z), 3l €
loc(e), z[j] = [q);- Similarly, Ve’ € E, 2z € Z, z3 €
9)(21,€): g2 € Q, 0(qr,¢') = go. Now, if 1E; €
{E1, - ,E,}, {e,e'} € E;, then the definition of
parallel composition will furthermore induce that 3z5 €
Z, z3 € 0)(2,€), 22 € 0)|(23,¢). This, together with
DC1 and DC?2 implies that 3g3,q4 € Q, 5(q,€’) = g3,
d(q3,e) = q4 and that Vt € E*, §)|(22,1)!: 6(ge,t)! and
0(qa,t)!. Therefore, any path automaton in || P;(Ag)

i=1

is simulated by As, and hence, 6(qo, | pz( ))!in Ag,
Vs € L(As)

For the interleavings in I'y, from the definition

of T, it follows that for any set of s;, 6(qo, s:)!, ¢ €
{1,---,n}, two cases are possible for T's:

11

Case 1: Vs,s’e{s1,---,sp}, VE,E;¢€
{E1,--- ,En}: ppinp,(s)=¢ and ppng,(s) =ec.
In this case, projections of such strings s; can

be written as pi(s;) =e},--- el i=1,---,n

The interleaving of these projected strings leads

to a grid of states and transitions in [ [T aJ,
1=17;,=0

n J ’IL 1 —_—

{ xéf;ﬂ, ifi=ig,j=75+1
z,  otherwise

i=1,---,n, i=1---,n, k=1---,n. This
grid of transitions is simulated by counterpart
transitions in Ag, as Vs,s’ € {s1, -+ ,s,}, for any
two successive/adjacent events e;'- and e?,, both orders
exist in Ag, due to DC1 and DC2, and hence,
0(qjs i€ J) @y Ji=0,1,---,my, i=1,--m,
ig=1---,n,k=1,--- n. Therefore, for any choice

n
of s; corresponding to 'y, 0(qo, | pi(s;))!in Ag.

i=1
Case 2: 3s,s'e{s1,---,s,}, 3IE,E;¢€
{Ev, - En}: pEing(s) #€ of ppng(s) #e,
but they do not start with the same event.
Any such s and s can be written as s = tjaty
and s’ = thbth, where ti=e€1---
ef---el ¢ (E;NE;)*Vi,je{l, - ,n}i#j,
di,j € {1, ,TL},i?éj, a,b e EiﬂEj, t27t12 S
Therefore, due to synchronization constraint, the
interleaving of strings will not evolve from a and b
onwards, and hence, p;(s)|p;(s’) = pi(t1)|p;(t}) and

pi(s')|pi(s) = pz(t’)|pj(t1) and Case 2 is reduced to
Case 1, leading to 6(qo, | pi(si))!in Ag.

=1
Furthermore, due to DC3, for any two distinct

strings s,s’ € L(Ag) (i.e., two strings starting from
state ¢ in Ag that 3E;, E; € {Ey,...,E.}, i #j,
PEnE, (8), PE;E,(s') start with the same event a €

E;NE;) we have || P;(A) < As(q) (where A :=
i=1

ji:0717"' , My,

/
em7t1 =

—>e—">e and Ag(q) denotes an automaton
that is obtained from Ag, starting from ¢). This is
particularly true for ¢ = qy. Therefore, DC3 implies
that for the pair of strings s, s’ (over the transitions in
I's), and corresponding automaton A, L( || P; (4)) C

i=1
L(Ag), that from the definition of synchronized

'({5,5'}) € L(Ag). For any
pair of s’ s” € L(Ag) also DC3 similarly results
N p; t({s',s"}) C L(Ag), that collectively results

n
product means that 'm1pi_
i=
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in Np;'({5¢,s
i=1

1) C L(Ag), due to the following

Lemma 6 [20] For any two languages L1, Lo defined
over an event set E and a natural projection p : Ex —
Ez*’ for E; C E: pi(Ll @] Lg) :pi(Ll) Upi(Lg) and
p; (L1 U L2) = p; ' (L1) Up; ' (La).

This, inductively means that for {s; - -+ , s,,} C E( Ag):
iglp;l({si 1) C L(Ag). i.e., §(qo, | pi(ss))!in Ag,

im1
for transitions in I'3.

Therefore, DC'3 implies that all transitions in I"
are simulated by transitions in Ag that because of the

determinism of Ag results in || P; (As) < Ag.
= 1
Necessity: The necessity is proven by contradic-

tion. Assume that H P;(Ag) < Ag, but DC1, DC2 or

D(C3 is not satlsﬁed
If DC1 is violated, then dej,e; € F,
q€Q9 EE’L E{E17 7En}7 {61762} gElv

[0(qe1)! A\ 6(q, e2)!] A —[0(g; exea)! Ad(q, ezer)!].

However, 6(q,e1)! Ad(g,e2)!, from the definition
of natural projection, implies that &;([g]:,e1)! A
0;([glj,e2)!, in P;(As) and Pj;(Ag), respectively,
Vi € loc(er),j € loc(e). This in turn, from definition

of parallel composition leads to 0;(([q]1,- - , [q]n),
en)! A6y (([gls -+, [gln), e2)! and
6 1((lalv, -+ s laln), exe2)! A6y (([q]1s -+, [aln), e2e1)!.
This  means  that  0);(([g]1, - ,[q]n), e1e2)! A
5||(([qha ' 7[(]]71)’6261)! in 4!1131'(145)’ but
—[0(q,ere2)! Ad(g,eze1)!] in Ag, ie., |n| Pi(Ag) 4

Ag which contradicts with the hypothes1s

If DC2 is not satisfied, then dej,e; € F,
q€Q9 EE’L € {Elv"‘ »En}, {61762} ng
s e E*, —[0(q, e1e28)! < d(q, eae19)Y], ie.,
[0(g,e1e28)! V (g, eaers)!] A —[d(q, ereas)! A (g,
eze1s)!]. The expression [0(q,eieas)!V §(q, ezers)!]

from definition of natural projection and
Lemma (I} respectively implies that &)(([q]1,
o [dln) erea)! A0y ((lgles- - 5 [gln),  ezen)! and
5||(([ J10 - s [dln)s exe2s)! A5”(([&1]1,"" [q]n), e2€15)!
in || P;(Ag). This in turn leads to

i=1
(gl -+ laln), exeas)! Ady(([al, -+, [aln)s

egers)lin || Pi(Ag), but =[d(q, ereas)! A
i=1
0(q, ege1s)!] in  Ag, that

|| Pi(As) < As.

i=1

contradicts  with

The violation of DC3 also leads to

contradiction as d(qo,s;)!, ¢ =1,---,n, results in
n n

0((laoks, - [aoln), | pilsi))tin || Pi(As), whereas

—0(qo, | pi(s:))!in As.

i=1

Appendix D. Proof for Lemma 3]

Sufficiency: Following two lemmas are used in
the proof of Lemma [3]

Lemma 7 (Lemma 9 in [16]) Consider two automata
A1 and As, and let Ay be deterministic, A1 < A,
with the simulation relation R, and Ao < A1 with the
simulation relation Ry. Then, Ry =R, if and only
if there exists a deterministic automaton A} such that
Al = A,
Next, let A; and A be substituted by Ag and
|| P;(As), respectively, in Lemma |7 Then, the
i=1
existence of A = A’y in Lemma [7|is characterized by
the following lemma.

Lemma 8 Consider a deterministic automaton Ag and
its natural projections P;(Ag), i=1,--- ,n. Then,
there exists a deterministic automaton A’y such that

Ay = ||1 P;(Ag) if and only if there exist deterministic

automata P}(Ag) such that P](Ag) = P;(As), i=
1, ,n

Proof: Let As=(Q,q,FE = G E;9),

Pi(As) = (Qua Bi5). PI(AS) = @b B )

|| Pi(As) = (Z, 20, E,9))),

=1

(Z', 2, E, (5’) Then,

i=1,,n,

| Pl(As) =
=1
Lemma §]is presented as follows.

Sufficiency: The existence of deterministic
automata P/(Ag) such that P’(AS) >~ Pi(Ag), i=
1,---,nimplies that 6/, =1, -- , n are functions, and
consequentli from deﬁnltlon of parallel composition

the proof of

(Definition (), 4/, is a function, and hence || P!(Ag)

is deterministic. Moreover from Lemma [5] l P’ Ag) =

P;(Ag),i=1,---,nlead to H P!(Ag) = H P;(As),
i=1 =1
meaning that there exists a deterministic automaton

L= || P/(Ag)such that A% = || P,(Ag).

i=1 =1
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Necessity: The necessity is proven by contrapo-
sition, namely, by showing that if there does not exist
deterministic automata P/(Ag) such that P/(Ag) =
P;(Ag), for i =1,2,---, orn, then there does not
exist a deterministic automaton Al such that A% =

| Pi(s).

=1

Without loss of generality, assume that there does
not exist a deterministic automaton Pj(Ag) such that

P{(As) = P;(Ag). This means that 3q,q1,¢q2 € Q,
ec El, tl,tQ € (E\El)*, t S E*, 6(q7t16) = ({1,
0(q,tee) = q2,  —[0(q1,t)! < 6(ga,t)!],  meaning

that 5(q17t)!/\_‘6(q2,t)! or —|5(q1,t)'/\5(q2,t)'
Again without loss of generality we consider the
first case and show that it leads to a contradiction.
The contradiction of the second case is followed,
similarly. From the first case, 0(q1,t)! A —0(ga,t)!,
definition of natural projection, definitions of parallel
composition and Lemma [I| it follows that ([g1]:,

(la1)2s - [@]n)) € 6, (([g]1. (ldl2,- .- [g]n)). tre),
(lg2)is  (@l2s--o lailn)) €6)(([alrs ([g)2,- -
[a]n))stie)s 0((lqr]1s ([qu2s - [q1]n)), )., whereas
=0(([g2]1, ([an]2, - - [@a]n)), )t in HIP(AS)

implying that there does not exist a deterministic

n
automaton A% such that Ay = || P;(Ag), and the
j=1
necessity is followed. H ’
Now, LemmaE]is proven as follows.
Sufficiency: DC4 implies that there exist
deterministic automata P/(Ag) such that P/(Ag) =
Pi(As), i=1,---,n. Then from Lemmas [ I and [8]

it follows, respectively, that || P!/(Ag) = H P;(As),
i=1 i=1
and that there exists a determlmstlc automaton A’y :=

|| P/(Ag) such that Al = || P;(Ag) that due to

Lemmal it results in R} * R2

Necessity: Let Ag be deterministic, Ag <

n
P;(Ag) with the simulation relation R; and

.
=
-

n

|| Pi(As) < As with the simulation relation Ry,
i=1

and assume by contradiction that R;' = R,, but
DC4 is not satisfied. Violation of DC4 implies
that for Ji € {1,--- ,n}, there does not exists a
deterministic automaton P/(Ag) such that P/(Ag) =
P;(Ag). Therefore, due to Lemma [8 there does not
exist a deterministic automaton A’y such that Ay =

n

|| P;(As), and hence, according to Lemma |7} it leads
i=1
to R;' # Ry which is a contradiction.

10.

11.

12.

. A. Karimoddini,
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