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Abstract causality relations are respected, because events are pro-
cessed in their chronological order. The main problem in
The recent studies in the distributed simulation area are PADS is how to build efficient distributed scheduling algo-
focused in theHigh Level Architecture defined by the rithms, allowing parallel event processing, and respgctin
DoD/USA, which proposes a standard environment to de- their causality constraints. Two main approaches were pro-
velop and run distributed simulations. The HLA compo- posed to solve this: the pessimistic approach and the opti-
nents are designed to ensure a high level of interoperabil- mistic one [8].
ity among simulations and, also, to allow maximum com- The basis of the pessimistic synchronization strategy
ponent reusability. This paper proposes a new mecha- [2] is to respect the causality constraints local to each pro
nism to help optimist federates perform rollback procedure cess. Considering that processes exchange events through
when needed. This mechanism uses computational reflec- time-stamped messages, one should ensure that all local
tion techniques to create a rollback manager meta-object events older than events received from other processes will
that extends the low-level services provided by HLA. be processed before them. This implies on blocking the pro-
cessing of local events until the causal conditions between
them and events received from other processes can be veri-
fied [14].

In the optimistic strategy, local and received events can
be processed without worrying about local causality con-
S ) ) straints. By this, process blocking is avoided, as all avail
The research activities in distributed simulation can be gpje events can be processed. If a message containing an old
classed in two main areas: PADBafallel and Distributed event arrives at a process, it will be needed to undo the local
Simulatior) and DIS Qistributed Interactive Simulatign simulation back to the timestamp of the old event, and then
Both research areas succeeded to achieve important goalSye_qo the local simulation considering it. Using this strat
but several problems remained to be solved, mainly related egy, the events that do not violate causality are confirmed,

to the performance aspects, code reuse, and interopgrabili 5 the others should be canceled using a rollback mecha-
in heterogeneous environments. The US Ddigh Level nism [11, 15].

Architectureinitiative [6] intends to define and develop a

standard software environmentin which heterogeneous sim-

ulation entities interact using standard interfaces. Hage 3  High Level Architecture

some HLA services are very low-level and hard to use when

building simulation models that use peculiar time synchro- In 1995, the US DoD defined a standard architecture for the
nization schemes. This paper addresses such a problem, andnodeling and simulation of complex systems. It is a high-
proposes the use of computational reflection techniques to level, object-oriented architecture, designed to easénthe
ease building optimistic HLA simulations. teroperability among different models and to allow compo-
nent reuse. The HLA High Level Architectureconstitutes

a common technical framework for modeling and execution
of distributed simulations [6]. Its main components are the

) ) ) Object Model Templatg5], theHLA Compliance Rul€8g],
The PADS simulation model is ro_ughly composed by an 444 theRuntime Infrastructur].
event set, generated by the execution of the processes mod- Each HLA simulation is defined b tederati )
eling the system behavior, and variables representing its . ac simulation is defined by a federation, in
state [7]. The events are scheduled in a time-ordered which a group _Of_ _federates interact exchanging da'_[a and
list. The sequential scheduler mechanism insures that all €VENts- The definition of exchanged data and events is done
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using theObject Model Templatg®©MT), which allow de-
scribing the objects that constitute the federation, their
tributes and relationships. Each federation definEsder-
ation Object Mode(FOM), which describes the shared in-
formation used in the federation, andSamulation Object
Model (SOM), describing objects, attributes, and interac-
tions used externally in a federation. The HLA compliance
rules define the responsibility and relationships among all
the federation components [3].

The federates interact using tRein-Time Infrastruc-
ture — RTI, a distributed framework providing communica-
tion and coordination to the federates. The interaction be-
tween a federate and the RT1 uses method calls from two dif-
ferent classesRTIAmbassadoand FederateAmbassador
The first one contains all methods offered by the RTI to
the federates; its implementation is done by the RTI. The
other one is an abstract class, implemented by the simula-
tion programmer, that identifies all methods that each feder
ate should provide to the RTI for callback operations. The
HLA services are classed in six categories [B¢deration
Declaration Object Ownership Time andData Distribu-
tion ManagementThe focus of this paper is on time man-
agement services, which aims to coordinate the logical time
advance and its relationships with the physical time.

4 Time managementin HLA

Each federate can use a different time policy with respect
to the federation logical time. A federate canrbgulating
constrained regulating and constrainedr not regulating

nor constrainedIn a given federation, it is possible to have
federates using any of these time policies, and they can be
changed by calling RTI methods. Two main aspects of time
management in HLA armessage orderingndlogical time
advance

Much of the time management is done by the correct
ordering of messages. The messages coming from the feder-
ates are queued by the RTI according the existence of times-
tamps (TSO -Timestamp Ordered messayes not (RO -
Receive Ordered messayesnd according the time policies

The most common approaches for time management
in HLA are time steppedsynchronous)event drivenpes-
simistic) andoptimistic [9]. In the pessimistic approach,
the events should be processed according their timestamp
order. This approach corresponds to ¢vent-drivermech-
anism in HLA. In the optimistic approach, the events can be
processed out of timestamp order. The RTI offers services
for message delivering without considering timestamps of
TSO messages, and basic rollback mechanisms. However,
the rollback mechanisms provided by the RTI cover only the
RTI state recovery (message queues, etc). All the manage-
ment for state saving and recovery in the federate should be
implemented by the simulation programmer.

4.1 Rollback actions

In the optimistic approach, the messages carrying eveats ar
given to the federates without considering their timestamp
order. TheRTIAmbassador.flushQueueRequaesthod asks

the RTI to give all the queued messages to the federate. Af-
ter this, the RTI invokes the callback methBelderateAm-
bassador.timeAdvanceGraaithorizing the federate’s log-

ical time to progress. If the federate receives an out-of-
order (older) message, some procedures should be executed
to rollback the simulation, canceling this message and the
other messages consumed after it. This recovery procedure
includes unrolling the simulation to a execution point be-
fore the wrong message’s timestamp, re-processing events,
canceling scheduled events, and canceling messages erro-
neously sent to other federates. The message cancella-
tion is done using the RTI methddetract used with the
flushQueueRequestrvice (figure 1).

Federate 1. flushQueueRequest
r-———=-=-=-=-=-= - R
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. RTIAmbassador 2. timeAdvanceGrant
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r-———=-=-=-=-=-= -
| FederateAmbassadoy] 3. Retract I
L J

used by the sender and the receiver. RO messages are putin

the federate’s FIFO input queue, and are available toit. TSO
messages are time-stamped with their sending times. They
are putin the federate’s time-ordered input queue, and-deli

Figure 1: Optimistic federate retraction

If the message to be canceled was already delivered to

ered to it in a non-decreasing timestamp order. A TSO mes- another federate, its execution should also be rolled back.
sage can be delivered to a federate only when the RTI can in- The RTI calls its FederateAmbassador.requestRetraction
sure that no more messages having smaller timestamps will Method, and the federate should then undo any process-
be received by that federate. ing done for events received improperly. All these actions

. . . : should be implemented by the simulation programmer.
The logical time advance in the federates is done ex- P y prog

plicitly, that is, the federate requests the RTI to advatge i
logical time (throughRTIAmbassadoclass methods) and
then waits for an approval (through a callback on fee-
erateAmbassadariass). This procedure is needed to insure  Computational reflection is a development technique that
that the federate will not receive any TSO message with a allows a system to interact with itself, through a self-
timestamp smaller than its local logical time. representation. Using this, the system can control its own

5 Computational reflection



behavior, allowing a clear separation between the funetion
ality provided by the system to end users and the functions

erateAmbassadanethods. However, some of these meth-
ods will be intercepted by the rollback manager. Only some

provided to configure and manage the system. This is done time management methods, mostly related to retraction op-
through a set of structures used by the system to representerations, are intercepted; all the other methods are passed

its own aspects, both structural and computational [13].

According [13], a reflexive architecture computational
system is constituted by two levelsbase levehnd ameta
level The base level is responsible for solving problems be-
longing to an external domain, normally related to the sys-
tem’s functionality. The meta level is in charge of the con-
trol and management of the base level. This allows a bet-
ter modularity, separating the application code (basd)leve

rectly to theRTIAmbassadoaind FederateAmbassadon-
plementations. The methods to be reflected are those related
to time management operations in optimistic federates, as
flushQueueRequeanhdtimeAdvanceGrantUsing this ap-
proach, the federate can adopt an optimistic behavior with-
out worrying about possible rollbacks.

The rollback manager should keep snapshots of its fed-
erate’s state, in order to restore a previous state wherta rol

from the management code (meta level). These concepts back occurs. However, as the manager has no direct access

can be easily applied to object-oriented systems, associat
ing ameta-objecto each system object, now calledase
object This meta-level structure does not need to be applied
on every system objects, but only to those which need to be
managed or controlled.

The meta-object is causally connected to the base ob-
ject, then any changes in the meta-object are be reflected in
the base object. When an object is reflected, all its methods

are also reflected on the correspondent meta-object. Thus,

an invocation on a method in the basis object will be devi-
ated to the corresponding meta-object method. The meta-
object methods do their normal processing and eventually
call their corresponding methods in the base object.

6 A reflective rollback manager

The mechanism proposed here provides an automatic and

generic way to deal with theequestRetractiorcallbacks,
freeing the optimistic federate programmer of this complex
task. Our proposal uses computational reflection techsique
[13, 12] to create a time management meta-level between
the RTI and each federate. The time management method
calls between them are intercepted (reflected) byllback
manager which implements the rollback management in
behalf of the federate (figure 2).

\ RTIAmbassador )—V

<—( Rollback Manager )—>
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Figure 2: The rollback manager

Using this approach, the rollback manager takes the
control of the federate’s state rollback, including camzgl
received or sent messages. The federate will continue call-
ing the samerRTIAmbassadomethods to interact with the
RTI, and will receive RTI callbacks through the safret-

to the federate’s internal state, this access should be pro-
vided by the federate. This is done through two callback
methods, implemented by the federate, that give controlled
access to its internal statea getState§.,t.) method, which
returns the federate’s state at current titnén the [S,, ¢.]
state vector, and theetState§, ¢;), which restores the fed-
erate’s state to the state saved in the state veg€iot;|, with

ts < t.. The rollback manager uses thetStatenethod to
maintain a list of previous states of the federate, andéte
Statemethod to restore a previous state, when a rollback is
needed.

Using the state saving methods, the rollback manager
can save the federate’s state at given times in which all TSO
events sent to the federate are guaranteed. An event is con-
sidered guaranteed if it can be processed without any can-
cellation risk in the future, unless its retraction is egjply
requestet|

The calls to thelushQueueRequestethod are inter-
cepted by the rollback manager, which interacts whit the
RTI to obtain the TSO messages. This is done in two phases:
initially the rollback manager uses a pessimistic approach
to receive the TSO messages from the RTI. Through the
methodnextEventRequesit requests that RTI deliver all
the messages RO available inside its queue FIFO and all
the messages TSO with time stamps smaller than the feder-
ate’s current time. When there are not more TSO messages
that match this requirement, the RTI authorizes the feder-
ate’s time advance, through a callback to tineeAdvance-
Grantmethod. This callback passes a future time value
as a parameter, to indicate that the federate’s logical time
can be advanced tg.

At this point, the manager had received all the safe
messages as stated in the pessimistic approach (section 2),
so RTI can guarantee that all the TSO messages with time
stamps smaller thaty had been delivered. This tintg can
be considered as a checkpoint time, indicating a point in the
simulation time where the state of the federate is safe, with
no rollback risks. Thus, the manager saves the federate’s
state att; as a checkpoint, using ttgetStatecall defined
above.

L These two operations are inspired from the Isis systemdt e replica’s state
management in groups of fault tolerant processes.

2The retraction of events is used inside of some discretet siranlations to model
behaviors of interruptions and preemption.



After this pessimist phase, the manager calls the Pair Se} can be twoReflectAttributeValugfRRAV) andRe-
flushQueueRequesiethod on the RTI. At this point, the  ceivelnteraction(RI). In this case, before forwarding the
RTI will deliver all other TSO messages sent to the federate, messages to the federate, the rollback manager should save
without worrying about their timestamps. These messages the old attribute values and the federate state to allow a pos

are considered unsafe and can suffer rollback, since the RTI sible rollback.

doesn’t guarantee that messages with smaller timestamps
won't be sent to that federate in the future. If a rollback

The mechanism operation can be summarized through

the following algorithm, in which~ stands for the federate,

occurs, the rollback manager has access to all the neededfor the rollback manager arRifor the RTI:

information to undo the processing improperly done, to can-

cel scheduled events and to restore the last safe state of thewhile (t.c < t.maz) do

federate.

6.1 The rollback procedure

If the federate receives a message older than its current log
ical timet., the federate’s state should be rolled back to a
previous safe state, in order to guarantee the causality con
straints. The need of a rollback operation can be be detected
by the rollback manager, because it receives all the mes-
sages addressed to the optimistic federate.

In HLA, there are four major event types that can
change objects and their attributes. These events should be
managed separately by the rollback manager, to allow it to
maintain the whole control on all modifications performed
in the federate. These events will be described in the next
items of this text; at this point we can consider all the re-
ceived events in a generic way.

When receiving a TSO message the manager will com-
pare its timestamp,, with the current logical time. (the

rollback manager is at the same simulation time as the feder-

ate it manages). If,,, < t. a causality violation is detected,
and the manager should restore the federate’s state to a pre-
vious safe statfS;, ts] with t5 < t,,.

F: nexteventtime = ti mestanp of the
next |ocal event ;
flushQueueRequéstext eventtime)
M intercept the flushQueueRequest Qal |
nextEventRequest nexteventtime)
R send RAV/ R events to the federate ;
Mintercept the RAV/ Rl events ;
R: timeAdvanceGrant ();
M advance its logical tinme ;
save the federate's current state ;
forward the RAV/ Rl events to the federate ;
F:receive the RAV R events ;
store themin the queue of pending events ;
M flushQueueRequegtnexteventtime)
R send renmi ning (unsafe) RAV/Rl events ;
M intercept the unsafe events ;
M save attributes and recovery handl es ;
rol | back the federate if needed ;
R: timeAdvanceGrant ();
M advance the logical tinme ;
forward the unsafe events to the federate ;
F:receive the RAV R events ;
store themin the queue of pending events ;
M timeAdvanceGrant ();
F: advance the logical tinme ;
process the events present in the queue of
pendi ng events ;

nd;

This mechanism can also be presented through a time

diagram with all the interactions between the entitiesgfed

The rollback manager should also keep track of all mes- ate, manager and RTI), as shown in the figure 3. This figure

sages sent by the federate during< ¢ < t., i.e. after

shows the interactions during the normal execution of an

the S, checkpoint, to be able to cancel them. Therefore, the optimistic federate. When the manager detects a message

manager can invoke theetractmethod on the RTI to cancel

older than the current time.{, < t.), it interacts with the

messages sent to other federates. For doing this, the man-federate and the RTI to execute the rollback.

ager should keep track of all the message handiesr{-

The RTI normally calls theequestRetractiomethod

tRetractionHandlesfor the messages sent during the time oy the federate when a message already delivered to it

interval[ts, t.].

should be canceled. The event handigentRetraction-

In the same way, the manager can receive cancellation Handlefor that message is passed with the request, which
requests for messages improperly sent by other federates.is intercepted by the manager. Using this handler, the roll-

The RTI will forward to the receiver the cancellation re-
guests through theequestRetractioallback. Normally it

back manager can recover the old values for the attributes
or parameters. The old values were passed to the federate

is up to the federate to implement the needed procedures to through the methodReflectAttributeValueand Receiveln-
deal with these cancellation messages. In our proposal, the teraction Therefore, the federate doesn’t need to worry

rollback manager will take in charge this task.

about the cancellation of this event. If an improper process

ing has resulted in sending some messages to other feder-
ates, the manager will request their cancellation throbgh t
RTI methodRetract The rollback manager keeps track of

In our schema, the messages received are passed to the roll&ll messages sent and their handles.
back manager and later forwarded to the optimistic feder-

ate. The messages received with attributeripute Han-

dle Value Pair Sgtor parametersRarameter Handle Value

6.2 The rollback manager operation
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