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Abstract—The capture of the execution state of agents in
agent-based and multi-agent systems is a system feature needed
to enable agent checkpointing, persistency and strong mobility
that are basic mechanisms supporting more complex, distrib-
uted policies and algorithms for fault tolerance, load balancing,
and transparent migration. Unfortunately, the majority of the
currently available platforms for agents, particularly those
based on the standard Java Virtual Machine, do not provide
this important feature at the system-level. Several system-level
and application-level approaches have been to date proposed
for agent state execution capture. Although system-level ap-
proaches are effective they modify the underlying virtual ma-
chine so endangering compatibility. Conversely, applica-
tion-level approaches do not modify any system layer but they
provide sophisticated agent programming models and/or agent
converters that only allow a coarse-grain capture of agent state
execution.

In this paper, we propose an application-level technique that
allows for a programmable-grain capture of the execution state
of agents ranging from a per-instruction to a statement-driven
state capture. The technique is based on the Distilled State-
Charts Star (DSC*) formalism that makes it available an agen-
t-oriented type of recursive hierarchical state machines. Ac-
cording to the proposed technique a single-threaded agent pro-
gram can be translated into a DSC* machine by preserving its
original semantics. Although the proposed technique can be ap-
plied to any agent program written through an imperative-style
programming language, it is currently implemented in Java
and integrated into the JADE framework, being JADE one of
the most diffused agent platforms. In particular, agents, which
are specified through a generic Java-like agent language, are
translated into JADE agents according to the JADE DSCStar-
Behaviour framework. A simple yet effective example is used to
illustrate the proposed technique.

I. INTRODUCTION

AGENT-BASED and Multi-Agent Systems are devel-
oped around the concept of agent, a goal-directed,
computational and interacting entity which acts on behalf of
another entity (or entities) [20]. Such agent systems are sup-
ported by agent platforms that basically provide agent pro-
gramming libraries and system-level services to support
agent execution. An important system-level feature that an
agent platform needs to include for the development of ro-
bust and fault-tolerant agent systems is agent state execution
capture. In fact, agent checkpointing, persistency and strong
mobility are mechanisms fully enabled by agent state execu-
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tion capture. Agent checkpointing [13] is a technique for in-
serting fault tolerance into agent systems. In particular, it ba-
sically consists of storing a snapshot of the agent execution
state and, later on, using it for restarting the agent execution
in case of its failure. Agent persistency is a mechanism al-
lowing saving an agent along with its state into the mass
memory as a file. Archived agents can be later on loaded and
resumed. Strong mobility [10] is an important feature of an
agent that enables the migration of the agent state, data and
code. Such mechanisms constitute the basis for supporting
more complex, system-wide agent policies and algorithms
for fault tolerance, load balancing, and transparent migra-
tion.

Unfortunately, even after more than one decade of re-
search on agent systems, the majority of the currently avail-
able agent platforms, particularly those based on the stan-
dard Java Virtual Machine (JVM) do not provide this impor-
tant feature at system-level. In fact, currently the standard
JVM does not yet provide mechanisms to capture the state
execution of Java processes. Nevertheless, several approach-
es have been to date proposed to overcome such an issue.
They can be roughly taxonomized into three categories: sys-
tem-level [4, 5, 14, 17], converters [3, 16, 15, 11, 12] and
model-based [18, 9, 19]. The system-level approach modi-
fies the underlying virtual machine to capture the execution
state at process/thread level; however, the modified virtual
machine is usually not compatible for agents previously de-
veloped. Conversely, converters and model-based approach-
es are application-level approaches that rely on specific,
sometimes sophisticated, agent programming models and/or
on converters at bytecode-level or source-code-level to allow
for agent execution state capture. Although they do not re-
quire any virtual machine modification, the grain of capture
of the agent execution state is usually coarse so that capture
can be carried out only at specific points of agent execution.
In fact, capture is either automatically driven by specific
statements (in agent converters) or manually programmed by
exploiting the reference agent programming models. Both
techniques can be used only for agent-driven capture and not
for an effective system-driven capture.

In this paper, an application-level technique for agent-
driven and system-driven capture of agent state execution is
proposed. Agent-driven capture is based on three key state-
ments (checkpoint, persistence and move), whereas system-
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driven capture is fine-grain and carried out on a per-instruc-
tion basis. A distinctive feature of the defined technique is
the capture of the execution state in recursive and mutually
recursive methods that can also contain key statements. The
proposed technique is based on the Distilled StateCharts Star
(DSC*) formalism that provides an agent-oriented type of
recursive hierarchical state machine through which the agent
program and its execution state can be represented. Accord-
ing to the technique, a single-threaded agent program for-
malized as a main method and ancillary methods is translat-
ed into a DSC* object, preserving the original agent program
semantics. The technique is currently implemented in Java
and integrated into the JADE framework [2]. In particular,
an agent program, which is formalized through a simple
Java-based Agent Language (JAL), is converted into a JADE
agent compliant to a newly defined JADE behavior named
DSCStarBehaviour. Conversion can be carried out in two
modes: (i) driven by the statements checkpoint, persistence
and move; (ii) instruction by instruction. The so obtained
JADE behavior not only has the same semantics as the origi-
nal agent program but also incorporates its execution state at
run-time. A simple yet effective example, concerning an
agent-based version of the Fibonacci program, is used to ex-
emplify the proposed technique.

The rest of this paper is organized as follows. In Section 11
the DSC* formalism is defined as an enhancement of the
Distilled StateCharts formalism [9]. Section III presents the
proposed technique that is then exemplified in section IV by
means of the Fibonacci agent example. Section V provides
some details about the implementation of the proposed tech-
nique through Java and the JADE framework. Finally, con-
clusions are drawn and future work anticipated.

II. Tue DistiLLED STATECHARTS STAR FORMALISM

The Distilled StateCharts Star (DSC*) formalism is based
on of the Distilled StateCharts (DSC) formalism [9, 8] that
was specifically defined for effective modeling of sin-
gle-threaded agent behavior through hierarchical state ma-
chines based on ECA rules, OR-decomposition, history en-
trance mechanisms and UML-like execution semantics
based on the run-to-completion step. In addition, DSC* in-
troduce typical mechanisms of recursive functions/proce-
dures so that DSC* machines are recursive hierarchical state
machines [1]. A DSC* machine is formalized by the follow-
ing tuple:

DSC* =<, sy, f5, L, ®, deep, defaultHistoryEntrance, de-
faultEntrance, defaultEntranceAction, V, star, return>,
where:

e Y is the set of states including composite states
(cs=ncsuUpcs), which can be normal composite states
(ncs) or procedure composite states (pcs), simple states
(ss) and history pseudostates (hs). State notation is de-
fined according to the hierarchical structure of the
DSC*. In particular: (i) the notation A(B) indicates that
the simple state B is encapsulated in the composite state
A; (ii) the notation A(®) indicates that A is a composite
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state; (iii) the notation A(x), where x is a placeholder
variable, indicates any state included in A (e.g. x=B).

® 5, is the initial state.
® /5 is the set of final states.

® [ is the set of transition labels. A label is defined as the
following ECA rule: Event/Condition]/Action. The se-
mantics implies that if Event is processed and Condition
is true, upon transition firing Action is first atomically
executed and, then, the state transition takes place.

@ is the set of transitions among states. In particular, it is
defined as follows: @c 2 x 2 x L. Thus a transition is
formalized as a triple <source state, target state, label>.

defaultEntrance is a function that indicates the default en-
trance of each composite state. The default entrance is
the transition sourcing from the initial pseudostate of a
composite state and targeting a state encapsulated into
the composite state. Default entrances are not included
in @ as initial pseudostates are implicitly associated to
composite states and are not explicitly defined in 2.

defaultEntranceAction is a function that associates an ac-
tion (if any) to the default entrance of composite states.

® deep is an attribute of a history pseudostate indicating
deep history if true, shallow history if false. History
mechanisms allow a partial (through shallow history
pseudostate H) or full (through deep history pseudostate
H*) recovery of the state history after re-entering into a
composite state previously exited.

defaultHistoryEntrance is a function that indicates the de-
fault history entrance (if any) of the history pseu-
dostates. The default history points to the state to be en-
tered in case history is not initialized, i.e. when the com-
posite state containing the history pseudostate is entered
for the first time.

® [V is a set of variables hierarchically scoped according to
the state structure. In particular, V(x)={vi(x),...,va(x)} is
the set of variables declared in the x state.

® star and return are attributes of specific transitions which
respectively support activation of and return from a pro-
cedure type composite state (or procedure state) that se-
mantically behaves like a procedure in an impera-
tive-style programming language. Thus the star transi-
tion represents the procedure call whereas the return
transition represents the procedure return. Let A and B
be two composite states, when the transition (*) from A
to B is drawn, the transition (<<R>>>) from B to A is to
be added too (see Figure 1). The CallB event is generat-
ed inside A and triggers the (*) transition, whereas the
ReturnFromB event is generated inside B and triggers
the (<<R>>) transition. Procedure call parameters are
passed to B through the CPE_B event that is generated
inside A just after the CallB generation. Return value is
passed through the RPE B event that is generated just
after the ReturnFromB event. The procedure state acti-
vation and return semantics are as follows: if the DSC*
is in the A state and the CallB event is processed, the
transition (*) is fired so that a new instance of the B
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state is entered and the B state parameters (if any) are
actualized with the parameter values contained in the
CPE B event. When the B state has to complete, the
ReturnFromB event and the RPE B event, filled with
the return value, are generated. Once the ReturnFromB
event is processed by the DSC*, the transition <<R>>
fires so that the B state instance is removed and the A
state is entered through its shallow history pseudostate.
The so defined mechanism is therefore equivalent to the
procedure call mechanism; parameters are only passed
by value. Procedure state recursion and mutual recur-
sion among procedure states are also fully supported
(see Section III).

A CallB (*) B

Fig. 1 Star (*) and return (<<R>>) transitions

ReturnFromB (<<R>>)

The structure of a well-formed DSC* consists of a top
state enclosing one procedure state, named main procedure
state, which contains the initial state and the main final state,
and zero or more secondary procedure states linked directly
or indirectly to the main procedure state (see Section III for
an example).

The execution semantics of a DSC* machine are defined
in terms of an abstract machine, which embodies a DSC*,
whose key components are:

- An event queue (EQ), which holds incoming event in-
stances until they are dispatched;

- An event dispatching mechanism (EDM), which selects
and de-queues event instances from EQ.

- An event processor (EP), which processes dispatched
events.

The semantics of event processing is based on the run-to-
completion (RTC) assumption implying that an event can
only be de-queued and dispatched if the processing of the
previous event is fully completed.

Given the last dequeued event by EDM, the main task of
EP is to cyclically:

1. find out which transitions are enabled, i.e., which tran-
sitions could be fired based on the dequeued event;

2. select, among the enabled transitions, the transitions to
be fired. Indeed, only one transition of a DSC* is step-by-
step ready to be fired.

The algorithm executed by EP is reported in Figure 2
through a pseudocode notation.

The input to each step is given by the last recently de-
queued event (current event) and the DSC* execution
control status, which includes the current state
(current state) of the DSC¥*, the dynamic history infor-
mation associated to history pseudostates (history (hs;),
Vi), and the stacks of the procedure states (stack(cs;),
V3). At the termination of each step, the output is given by
the new DSC* execution control status.

:for each history pseudostate i
: history[i].init (defaultHistoryEntrance[i])
:for each procedure state j

1

2

3

4 : stack(j).init(null)

5 :current_state = so;

6 :while (current_stategfs) do

7 : current_event = EQ.dequeue();

8 : enabled transitions =
enabled(current_state, current_event);

9 : if (enabled transitionsg¢@) then

10: fired transition = fire(enabled_transitions);
11: if (return(fired transition)) then

12: pop (stack (source (fired_transition)));
13: else

14: if (source(fired transition)ecs)

15: updateHistory (source (fired transition)
16: endIf

17: endIf

18: executeActionChain(fired transition);
19: if (star(fired transition)) then

20: j=target (fired_transition);

21: push(stack([j], new instance of j);

22: endIf

23: current state = nextconf (current state,

fired transition);
24: endIf
25:endWhile

Fig. 2 The DSC* execution semantics algorithm

Before starting the event processing loop, history pseu-
dostates are initialized with the default history entrances, the
stack of the procedure states is set to null and the
current state set to the initial state (lines 1-5). While the
current_state is different from a final state (line 6), the
current event is dequeued (line 7) and successively pro-
cessed. In particular the following steps are carried out: (i)
the set of enabled transitions is computed on the basis of the
current_state and current event (line 8); (ii) if such
a set is not empty the transition to be fired is selected among
the enabled transitions (lines 9-10); (iii) if the fired transition
is a <<R>> transition then the instance at the top of the stack
of the procedure state which is the source of the transition is
removed (lines 11-12); otherwise, if the source state of the
fired transition is composite, its history pseudostates are up-
dated (lines 14-15); (iv) the action chain of the fired transi-
tion is executed (line 18); (v) if the fired transition is a (*)
transition a new instance of the target procedure state is
added to its stack (lines 19-22); (vi) finally the new current
state is computed on the basis of the current state and
the fired transition (line 23).

III. A DSC*-Basep TECHNIQUE FOR AGENT STATE EXECUTION
CAPTURE AT APPLICATION-LEVEL

The proposed technique translates an agent program, de-
fined according to the schema reported in Figure 3, into a
DSC* machine that is semantically equivalent to the agent
program and contains its execution state at run-time. Trans-
lation can be carried out either per instruction basis (named
full translation) or driven by key statements. The agent pro-
gram, which represents a single-threaded agent, is composed
of a main method (simply called main) from which the agent
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activity starts and zero, one or more supporting methods
{my,..., mn}, N>=0. Agent data can be declared at global lev-
el (GV) and at local level in each method (LVm;). The sup-
ported control-flow statements are: sequential, selective (if-
then-else), iterative (for and while), procedure call and re-
turn. Moreover the defined key statements are: (i) check-
point, which captures the execution state of the agent and
store it in memory; (ii) persistence, which captures the exe-
cution state of the agent and store it in a file; and (iii) move,
which triggers the migration of the agent from the current lo-
cation to a new location.

program Agent{

GV //Declaration of Global Variables
m; (paraml, .., param, n) :return_value m{
LV,
CBm;

}

// Declaration of Local Variables
//code block of the method 1

my (param, .., param, y) :return_value my{
LVy // Declaration of Local Variables
CBmy //code block of the method N

}

main (param, .., Param, min) {
LV main // Declaration of Local Variables
CBm_main //code block of the main

}

}

Fig. 3 The schema of the Agent program

The structure of the Agent program is represented by the
equivalent DSC* machine structure shown in Fig. 4. Each
procedure is formalized as a procedure state, the global vari-
ables V(Active) are declared at the top state named Active,
which is a normal composite state, the local variables of the
main V(main) along with the main parameters P(main) at the
main level, the local variables V(m;) of the supporting meth-
ods along with the method parameters P(m;) at the level of
the corresponding procedure states. The Active composite
state, which is embedded in the FIPA agent behavior tem-
plate [6], is always entered through the deep history pseu-
dostate to allow restoring the DSC* machine status to the
status in which the DSC* machine was before leaving the
Active state.

Each statement of the Agent program can be translated

into a DSC* diagram. In the following we describe the trans-
lation patterns of the Agent program statements and, finally,
we present a short version of the translation algorithm. We
defined two types of statements: special statements, which
include control-flow statements (if-then-else, while, for, pro-
cedure call, return) and key statements (checkpoint, persis-
tence, move), and normal statements, which include all other
statements different from the special statements.
In Figure 5 the translation of the normal statement is report-
ed. The E event drives the execution of the statement
bringing the DSC* machine into the S state which formal-
izes the control-flow status just after the execution of the
statement. A new event E is generated to drive the con-
trol-flow to the next control-flow point. This translation is
carried out if and only if the translation is full.
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Active T (dctive) |\

main
Pmain), Vimain)

Fig. 4 The schema of DSC* machine of an Agent program

statement;

(a)

E / statement; postEvent(E);

(b)

Fig. 5 Translation of the normal statement: (a) normal statement; (b)
corresponding DSC* diagram

The translation of the key statement is shown in Fig-
ure 6. In this case, the list of normal statements (containing
one or more normal statements) which are before the
key statement are moved into the transition action before
the key statement. This translation is carried out if and only
if the translation is key-statement-driven; otherwise the
translation is carried out as for a normal statement (see
above).

normal_statement_list (NS)
key_statement;

(@

E / NS; key_statement; postEvent(E);

(b)

Fig. 6 Translation of the key statement: (a) key statement; (b) corre-
sponding DSC* diagram

The translation of the i f-then-else statement is report-
ed in Figure 7. The Berore_IF state indicates the control flow
point before the execution of the i f-then-else statement.
Conp_True and Conp_FaLse represent the states that indicate
the points just after the CONDITION evaluation and before
the execution of the IF BLOCK and the ELSE BLOCK, re-
spectively. The Arter Ir and Arter ErLsE states represent the
points after the execution of the IF BLOCK and
ELSE_BLOCK, respectively. Finally the Enp state represents
the point after the 1 f-then-else statement.
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NS;

if (CONDITION) then
IF BLOCK

else
ELSE_BLOCK

endIf

(a)

E / NS; postEvent(E);

BEFORE _IF

E [~CONDITION]
/ postEvent(E);

A

E [CONDITION]
/ postEvent(E);

[COND_FALSE]

COND_TRUE ]

translate
ELSE BLOCK

v

translate
IF BLOCK

v

[AFTERﬁELSE

AFTER_IF ]

E / postEvent(E);

E / postEvent(E);

A 4

END
(b)

Fig. 7 Translation of the if-then-else statement: (a) if-then-else state-
ment; (b) corresponding DSC* diagram

The translation of the while statement is reported in Fig-
ure 8. The Loop state indicates the control-flow point before
the execution of the while statement. The Conp_ TRUE state
represents the state indicating the point just after the CONDI-
TION is evaluated true and before the execution of the
WHILE BLOCK. If the CONDITION does not hold the
Conp_Farse state is reached which represents the control
flow point after the while statement.

Figure 9 reports the translation of the for statement. The
Loop state indicates the control-flow point before the execu-
tion of the for statement. The for counter 1 is initialized in
the action of the transition above Loor. The Conp_TRruk state
represents the state indicating the point just after the condi-
tion i<M is evaluated true and before the execution of the
FOR BLOCK. If condition does not hold the Conp_FaLse
state is reached which represents the control-flow point after
the for statement. The for counter i is incremented in the
action of the transition from ContiNnue to Loor. Of course, the
for condition as well as the for counters can be easily gen-
eralized.

The translation of the procedure call is reported in
Figure 10. To implement the call to the P2 method, the
CarLP2 and CPE_P2 events are sequentially posted. The for-
mer labels the (*) transition between P1 and P2. The latter
contains the parameter values {PARAMETERS P2} to be
passed to P2. When the CPE P2 event is processed, the pa-
rameters value are extracted and assigned. When the
RPE P2, generated in the P2 state (see translation of the re-
turn statement ), is processed, the return value contained in
the RPE_P2 event is extracted and assigned.

NS;

while (CONDITION)do
WHILE BLOCK

endWhile

(2)

E / NS; postEvent(E);
LOOP
2

E [-conDITION]| 4 [E [cONDITION]
/ postEvent(E); / postEvent(E);

[CONDiFALSI‘E] [éONDiTRUE]

translate
WHILE BLOCK

CONTINUE

(b)

Fig. 8 Translation of the while statement: (a) while statement; (b)
corresponding DSC* diagram

E / postEvent(E);

NS;
for (i=0; i<M; i++)do
FOR_BLOCK
endFor
(a)
E /NS; i=0;
postEvent(E);

>

E [i<M]/
postEvent(E);

E [~i<M]/
postEvent(E);

[CONDJALSEV] [ EZONDiTRUE ]

E/itt; translate
postEvent(E); FOR BLOCK

CONTINUE

(b)

Fig. 9 Translation of the for statement: (a) for statement; (b) corre-
sponding DSC* diagram

The translation of the return statement is reported in Fig-
ure 11. The RerurnFromP2 and RPE P2 events are sequen-
tially posted. The former drives the <<R>> transition be-
tween P2 and P1. The latter contains the return parameter
value to be passed back to P1.

The translator algorithm (Figure 12) converts an agent
program (AP) defined as in Figure 3 into a DSC* diagram
(AP*), preserving the AP semantics. In particular, for each
method m of AP (line 1) the following steps are carried out:

(1) a procedure state pcs corresponding to m is created and
added to AP* (line 2);

(ii) the variables P(m) and V(m) are added to pcs (line 3);

(iii) the initial state of pcs is defined along with the transi-
tion labeled by the CPE event, through which the method pa-
rameters could be passed, which connects sl and s2 repre-
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RETURNiTYPEiPl pl(PARAMETERSiPl){
NS;

RETURN_TYPE P2 result = p2(PARAMETERS P2

)

}
@)
4 Pl

E / NS; postEvent(CallP2);
ostEvent(CPE_P2 {PARAMETERS_P2});

S1| RPE P2/ result = extract result »S2
contained in RPE_P2; @

postEvent(E);
A

CallP2 (*) ReturnFromP2 (<<R>>)

P2 A

S3 [CPE_P2/PARAMETERS_P2 = : | S4
extract parameters contained in
CPE_P2; postEvent(E);

J

(b)

Fig. 10 Translation of the procedure call statement: (a) procedure call
statement; (b) corresponding DSC* diagram

RETURN_TYPE P2 p2 (PARAMETERS P2) {
NS;
return RESULT;

(a)
E/NS;
postEvent(ReturnFromP2);
postEvent(RPE_P2{RESULT});

(b)

Fig. 11 Translation of the return statement: (a) return statement; (b)
corresponding DSC* diagram

senting the control-flow starting point of m (lines 4-7); the tc
variable represents the translation cursor pointing to the last
created state from which translation is to be restarted;

(iv) the body of m is finally translated through translate-
CodeBlock. In particular, translateCodeBlock sequentially
translates the statements belonging to the code block cb from
the 1st to the k-th. Given the h-th statement (sn) the follow-
ing steps are carried out:

(1) if full translation is false and s, belongs to SS
and contains directly or indirectly a key statement then s is
translated according to the translation patterns and NS is re-
set (lines 3-6); otherwise, sy is inserted in NS (line 7);

(i) if full translation is true and s, belongs to SS
then sy, is translated according to the above described transla-
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SS set of special statements

S(AP) set of statements of AP

CB (AP) set of code blocks of AP

M (AP) set of methods of AP

tc translation cursor

fullTranslation {true, false}

AP* translator (AP)

1 : for each meM(AP) do

2 : pcs = createCompositeState (m)

3 : declaration in pcs of variables P(m), V(m)
4 sl = createSimpleState (pcs)

5 : defaultEntrance (pcs)=sl

6 : s2 = createSimpleState (pcs)

7 : create CPE labeled transition between sl and
s2

8 : tc=s2;

9 : translateCodeBlock(body(m), m, pcs)

10: endFor

translateCodeBlock (cbeCB (AP) , meM(AP), csePCS)
1 : NS=<>

2 : for each shecb|h=1..k do

3 if —fullTranslation then

4 if shesSS and shokey statement then

5 : handleSpecialStatement(sh, m, cs, NS)

6 NS=<>

7 else NS = NS + sh;

8 endIf

9 else

10: if sheSS handleSpecialStatement(sh, m, cs, <>
)

11: else translateNormalStatement(sh, m, cs)
12: endIf

13: endIf

14: endFor

Fig. 12 A schema of the translation algorithm

tion patterns (line 10); otherwise, s, is translated as normal
statement (line 11).

IV. A TransratioNn ExampLE: FiBoNAccT AGENT

To exemplify the technique presented in the previous sec-
tion, the translation of a Fibonacci mobile agent, reported in
Figure 13, is described. The agent is an extension of the Fi-
bonacci algorithm with mobility: it moves across N locations
to compute fibonacci(N) and, finally, prints out the result at
the home location.

The translation was carried out both full and statement-
driven; for the sake of exemplification, in the following we
discuss the DSC* diagram of the Fibonacci agent obtained
according to the key-statement-driven translation (see Fig-
ure 14). In particular, the move statement drives the transla-
tion so that the agent execution state can be captured before
any migration and restored after migration. It is worth point-
ing out the DSC*-based modeling of the direct recursion: the
Fibonacci procedure state has both a self (*) transition la-
beled by the CallFibonacci event and a self <<R>> transition
labeled by the ReturnFromFibonacci event.

V. A JADE-BASED IMPLEMENTATION

The proposed technique is implemented in Java for the
JADE framework that is one of the most diffused agent plat-
forms [2]. The implementation comes with a translator pro-
gram and a JADE add-on, named DSCStarBehaviour frame-
work, which provides the programming abstractions support-
ing the definition of agent behaviors in terms of DSC* ma-
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public class FibonacciAgent extends JALAgent {
Location [] locations;
public int fibonacci (int n) {
int x;
int resl;
int y;
int res2;
int res;
if (n==0 [l n==1) {
move (locations[0]) ;
return n;
}
move (locations[n
n - 1;
resl = fibonacci (x);
y =n - 2;
res2 = fibonacci(y);
res = resl + res2;
return res;
}
public void main (Location []
int result;
locations = loc;
result = fibonacci (10);
System.out.println ("RESULT =
}
}

1) 7

X =

loc) {

" + result);

Fig. 13 Fibonacci agent

chines. In particular, a Java-based agent program is convert-
ed by the translator into a JADE agent based on the DSC-
StarBehaviour. The agent program is defined through a Java-
based agent language (JAL) which allows structuring agents
as single-threaded Java programs using classes of the JADE
framework and the three key statements (checkpoint, persis-
tence, and move). The DSCStarBehaviour framework is an
enhancement of the JADE DistilledStateChartBehaviour
framework [7]; a simplified version of its class diagram is
reported in Figure 15.

The DSCStarEvent extends ACLMessage so that the basic
message processing mechanisms of JADE are completely re-
used. The DSCStarBehaviour extends CompositeBehaviour
and implements mechanisms fulfilling the DSC* execution
semantics. All DSC* composite states extend DSCStarBe-
haviour and are handled through the JADE Behaviour mech-
anisms. The other classes are abstractions of the main com-
ponents of the DSC* formalism: variables and parameters of
procedure states (DSCStarVariablesAndParameters), (*)
transition (DSCStarStarTransition) and <<R>> transition
(DSCStarReturnTransition) which are an extension of nor-
mal transition (DSCStarNormalTransition), and instances of
a procedure state (Virtuallnstance).

A simplified excerpt of the obtained FibonacciAgent class
is reported in Fig 16 to provide a flavor of programming
with the JADE DSCStarBehaviour framework. Fibonac-
cihAgent extends the basic JADE Agent class and contains
the two procedure states main and fibonacci (lines 1-3).
In the setup method all the simple states are defined along
with the transitions; finally the FibonacciAgent behavior
is started up (lines 4-28). In particular: (i) states S1-S17 are
declared, created and added to main and fibonacci as
shown in lines 7-9; (ii) in line 10, the root behavior, which
represents the encapsulating Active state (see Fig. 14), is cre-

ACTIWE WACTIVE] = [ locstions:Location 3

8

P[MAIN] = { loc:Location] §, YIMAIN] = { result:int }—\\
E r

. ._ flocations = log; EE
postEvent{CallFIBOMACCTY;

CPE_MAIN postEvent/CPE_FIBOMNACCH10}:

floc = extract parameter RFPE_FIBOMNALCCI

contained in CPE_hAIN;

postEvent(EX;

frazult = extract result
contained in
RFE_FIBONACLCI;

postEvent(E];

FSystem. out.printin® RESULT =" + result);
postEwvent{ReturnFromhbd ANy

CallFIBONACC] )
CallFIBONACC] )

=

postEventtRPE_MAINY;

ReturnFromFIBOMACC] (<<R**)

FIBEONACCI P{FIBOMACCI) = {rint 3, W[FIEONACCI) = {x:int?\
restint, wint, res2:int, res:int 1

SE

CPE_FIBONALCLCI
in = extract

parameter contained
in CRE_FIBONALCLCI;
postEwentE);

[s

JpostEventReturnFromFIBOMACCI;
postEventfRFE_FIBONACCIR}

E 510
fmovel|ocations[0]);

postEventE);

513
7 [ E [n==0|| n==1]

fpostEvent(E); f=n-1;
E[n==0] n==1] postEvent(CallFIBONACCE)
i postEvent(CPE_FIBOMACCI;
fpostEventE); s
511 E . RPE_FIBONALCCI
fmowvel] ocations[n]; o :
E - fres = extract result contained
postBvent(E): in RPE_FIBOMACCI;
RPE_FIBOMACCI postEwentED;

fres? = extract result, y

contained in
RPE_FIBOMACCI; Ar=n-2;

postEventE); postEvent(CallFIBONACCI)

fres = res1 + res?; postEvent{CFE_FIBOMACCIy]);

postEwvent/ReturnFromFIBONACC;
postEwenttRFE_FIBONACCI{reslt

ReturnFromFIBOMACC] (<<R=>=)

5,

Fig. 14 DSC* diagram of the Fibonacci agent based on the move-
driven translation

ated; (iii) the recursive (*) transition is defined in line 11;
(iv) the transition t2 between the S12 and S13 states (see
Fig. 14) is defined in lines 12-24; two methods are defined
for each transition: trigger, which defines the transition
trigger event[condition], and action, which defines the
transition action, e.g. action of t2; (v) all transitions are
added to the root which is added to the pool of active be-
haviors (lines 25-26); (vi) finally, the CPE_MAIN event,
which triggers the execution of the FibonacciAgent, is creat-
ed and posted (lines 27-28).

VI. ConcLusioN

In this paper we have presented a novel technique based
on hierarchical recursive state machines for application-level
capture of agent execution state. In particular, the technique
uses the DSC* formalism to formalize agent programs writ-
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Fig. 15 The DSCStarBehaviour class diagram

ten in an imperative style language. The technique is cur-
rently implemented in Java for the JADE framework and al-
lows obtaining JADE agents, whose behavior is based on the
newly defined DSCStarBehaviour framework, which can be
actively and passively checkpointed, made persistent and
strongly migrated. On-going research efforts are devoted to
(1) analyze the code and execution overhead introduced by
the proposed application-level approach and (ii) implement
the technique for other Java-based agent platforms.
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