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Resumo. Este trabalho apresenta um novo modelo para representar o protocolo
de sincronizagdo Time Warp, com o objetivo de avaliar seu desempenho em
comparagio aos protocolos variantes que vém sendo apresentados na literatura.
O procedimento de avaliagfio utiliza 0 modelo proposto como um nicleo onde
as caracteristicas dos protocolos variantes do Time Warp podem ser facilmente
inseridas por meio de “plug-ins”. O ambiente ALPHA/Sim € utilizado para a
modelagem e simulagfo através de Redes de Petri. Desta forma, tanto usuérios
com experiéncia em simulaggo distribuida quanto aqueles que no dispoem de
conhecimento profundo na drea podem utilizar a metodologia para escolher o
mecanismo de sincronizagdo mais adequado.
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Abstract. This paper presents a novel model to represent the Time Warp syn-
chronisation protocol aiming at evaluating its performance when both the basic
protocol and several variations proposed over the last years are considered.
The model proposed is the kernel of an evaluation procedure that considers a
basic model (representing the original Time Warp mechanism) in which the
variations can be easily introduced by means of plug-in to test different options
for the synchronisation of distributed simulation programs. The model is built
by means of Petri Nets, simulated using the ALPHA/Sim environment. The
model and the overall methodology proposed are exercised through a basic ex-
ample from the computer science field. The preliminary results show that the
model and the methodology can be successfully used by both experienced and
inexperienced users in order to choose the more appropriated synchronisation
mechanism.

1 Introduction

Distributed simulation has experienced a significant development over the last twenty
years, having become a powerful tool for performance analysis of complex systems.
The major problem with distributed simulation is the necessity of synchronisation
between processes, solved by a large number of variations in the mechanisms pro-
posed in the literature. These mechanisms are basically classified as conservatives and
optimistics. Conservative approaches, such as the CMB protocol, solve causality
errors by avoiding event execution unless it is a safe operation [S). Optimistic meth-
ods solve the dependence between simulation events by allowing violations to occur
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and then solving the problem using a rollback mechanism; the major example is Time
Warp {2, 3]. One advantage in using distributed simulation is the reduction in the
simulation execution time realised. However, the over-optimistic behaviour of Time
Warp can degrade the performance of this protocol, and it has motivated many alter-
natives to bound this excess [1].

Furthermore, the choice among conservative and optimistic mechanisms is
really a hard task that needs to consider not only the problem under study but also the
hardware and software platforms, as well as the individual mechanisms characteris-
tics. In this way, the several hybrid approaches that have been proposed in the litera-
ture try to insert some optimism into conservatives mechanisms or to limit the excess
of optimism in the optimistic mechanisms. The work described in this paper deals
with mechanisms that try to control the Time Warp optimism. These mechanisms are
grouped according to their basic features into windows-based, probability-based,
penalty-based, etc. [7]. This large variety of synchronisation mechanisms makes
difficult the choice when someone is using distributed simulation and also makes
comparisons hard. This fact emphasises the need for a methodology that allows the
user to choose the mechanism that is the best to the requirements of the study, without
the obligation of constructing it in advance. This paper presents the basic model and
the set of parameters used to analyse the performance of Time-Warp-based synchro-
nisation mechanism. The next sections present the behaviour of a Time Warp Logical
Process (LP) needed to define the model and the associated performance evaluation
methodology. The model is built by mean of Petri Nets [4] and this choice is ade-
quate because Petri Nets can easily represent concurrence and show the details of
each process activity.

2 Methodology for Performance Evaluation

Performance evaluation of a synchronisation mechanism or a synchronisation proto-
col can be made using the same tools applied for computing systems performance
evaluation: Data Collection, Benchmarks and Prototypes (Measure Techniques) or
Model Solution through Analytical Analysis and Simulation (Modelling Techniques).
The use of such techniques for analysis of distributed simulation synchronisation
mechanisms has the same advantages and disadvantages that when used for comput-
ing systems, but the most part of the published studies with Time Warp and its vari-
ants use specific test cases [7].

One way to analyse the performance of a protocol, without implementing it, con-
sists of using modelling techniques to describe a model that represents the protocol
behaviour and then giving parameters and exercising this model. Simulation com-
prises a suitable tool when it is impossible to measure directly into the system (in this
research work there is not an implementation of the synchronisation mechanism).
Considering that the actual implementation of all the synchronisation mechanisms to
make the analysis is not an attractive approach, this research work uses modelling
techniques and simulation to construct a methodology that permits simple and fast
analysis of Time-Warp-based synchronisation mechanisms.



The performance evaluation was built form the establishment of a Petri Net model
to represent the behaviour of an LP using the Time Warp protocol. By using this
model the performance of a set of LPs can be simulated. The user needs only to give
the suitable parameters and gets an estimate for the behaviour of the distributed
simulation as a function of the features of the synchronisation mechanism, of the
application and of the platform where the distributed simulation is going to be exe-
cuted.

Small modifications, by means of plug-in, on the Time Warp basic model permit to
represent its variants such as the windows-based mechanisms or the probability-based
mechanisms. Thus, the use of a plug-in for each variation of the Time Warp mecha-
nism makes easy the choice of the appropriated mechanism.

A more experienced user, expert in Petri Nets, can easily interact with the simula-
tion environment and introduce his own plug-in sub-models. On the other hand,
when either the knowledge of the user is not enough or he is looking for an easy way
to build his performance evaluation model, the several previously built plug-in avail-
able in the environment can be used to evaluate the performance of different Time
Warp variants.

The Time Warp protocol can be viewed as a collection of Logical Processes ex-
changing information about the required synchronisation to realise the distributed
simulation by means of messages and antimessages. This behaviour is shown in
Figure 1 that shows a block diagram for the behaviour of a logical process using the
Time Warp to synchronise the distributed simulation. Basically, a Time Warp logical
process deals with reception and execution of messages and antimessages that in turn
can cause new messages and antimessages to be sent.

The reception of messages and antimessages (both sent by remote LPs) arriving
from the communication network is represented by the Receiving block. The fol-
lowing actions are taken when receiving a message:

e The first action is to verify if an antimessage corresponding to the message
occurred. In this case the antimessage is removed from the input queue and
both are discarded (Cancel Ant block).

e If no antimessage corresponding to the message occurred, the LP verifies the
message timestamp comparing its value to the Local Virtual Time (LVT):

o If the timestamp is greater than or equal to the LVT the message is stored in
the input queue and will be executed latter (Store Msg block).

o If the timestamp is lower than the LVT, then a causality error occurred and
the LP suffers a rollback returning the LP to a consistent state. In this case
the antimessages can be sent to correct possible erroneous computation
(Rollback block).

If the LP receives an antimessage, the following actions will take place:

» If the antimessage arrived before the corresponding message, this is stored in
the antimessage queue (Store AntMsg block).

o If the message corresponding to the antimessage is already at the LP and it
has not been executed, an antimessage kills it and both are discarded (Can-
cel Msg block).



e If the corresponding message arrived and was already executed, the LP must
execute a rollback to return the simulation to a safe state, possibly involving
the issuing of new antimessages (Rollback block).

Every execution of a message in the Time Warp involves three actions related to
the creation of new events (Local Running block). An LP always removes a message
with the lowest timestamp form the Input Queue and executes the corresponding
event, the following actions can be considered:

o The generation of a new event that must be executed in a remote LP and
then a message must be sent to the remote LP (Send Msg block).

e The generation of a new event to be executed locally and in this case a
new message is punched into the Input Queue for latter execution (Store
New block).

e It is also possible that the event executed does not produce any other
event (Next Msg block) and in this case the LP fetches the next message

_in the Input Queue to execute.

Considering the basic block diagram shown in Figure 1, the points of interest com-
prise the manipulation of the messages and antimessages. An important task in the
Time Warp is the process state-saving aiming at allowing the rollback mechanism to
return the LP to a safe state, when causality errors occur. , Several algorithms have
been proposed to do it but they are not approached in this paper.
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Fig. 1. Logical process abstraction.



The proposed performance evaluation methodology considers each Time Warp LP
as a block (as described in Figure 1) that sends and receives messages and antimes-
sages. From the users viewpoint the communication among the several LPs is the
important point, rather than the way the synchronisation occurs inside each LP.
Aiming at simplification, only an LP is considered executing in each processing ele-
ment. The LPs are interconnected through a communication network as shown in
Figure 2.
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Fig. 2. LPs connected by a communication network.

Describing only the behaviour of a Time Warp LP is not enough for the perform-
ance evaluation purposes. The construction of a model representing completely the
operation of an LP requires the definition of suitable parameters. The next section
shows an overview of the environment built to perform the performance evaluation.

2 Environment for Performance Evaluation

The set of parameters needed to instrument the model to allow the performance
evaluation of the Time Warp mechanism includes parameters related to the synchro-
nisation mechanism (i. e., the behaviour of the LPs), to the platform used to imple-
ment the distributed simulation and to the features of the application described in the
distributed simulation.

Figure 3 presents an overview for the proposed environment showing the relation
between the simulation program and the input parameters.
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The simulation tool is based on a Petri Net model for the Time Warp and its vari-
ants. The use of Petri Nets for complex systems performance evaluation depends on
the availability of tools that allow the graphical model construction and its resolution.
In this sense the ALPHA/Sim simulation tool [6] was selected because it allows the
graphical construction of the simulation model, the simulation execution and the
visualisation of results in a graphical environment. ALPHA/Sim uses the Generalised
Stochastic Petri Nets and Coloured Petri Nets concepts to provide an easy to use,
graphical interface, general-purpose discrete-event simulation tool that offers many
statistics for performance evaluation [6].

The simulation program receives the information related to the application (the
number of service centres and the way they are interconnect, the inter-arrival times,
the service times, if it is an open model, etc.); the synchronisation mechanism (the
Time Warp or one of its variations); the hardware platform (communication time,
event execution time, time required to handle the data structures - the location of
messages for local execution, state queue, output queue, input queue).

Figure 4 presents a basic block comprising an LP as seen in the performance
evaluation methodology proposed. Basically, an LP sends and receives messages and
antimessages to and from remote LPs, by means of the communication network. In
this case the parameter required encapsulates the time needed to prepare, send and
receive the message packet. If the simulation considers an open model then the inter-
arrival time must be provide to the LP in order to start an arrival generator () to feed
the simulation program. In this case it is also required a sink element to represent the
exit of clients. All these parameters are related to the application.
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Fig. 4. Basic block.

3 Case Study

The queuing model showed in Figure 5 is the application chose to exemplify the use
of the performance evaluation methodology described in this paper. This model
describes a simplified computing system composed of a CPU and a disk unit. The
jobs, arriving at the system, are serviced by the CPU and follow to the disk unit or
leave the system with a probability p.
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Fig. 5. Application.

The simulation of the Time Warp mechanism used in the application of the figure
5 considers two LPs. Each LP is simulated bye a Time Warp basic block as presented
in figure 6. The LP, executes the messages corresponding to the CPU activities and
LP, the disk ones. The parameters A, p, and p, are used by the LPs to produce time-
stamps for the new messages (A, y, for LP,and p, for LP,); p is the probability of a job
leaving the system, implying that no messages will be issued from LP, to LP,. As the
disk, represented by LP,, always receives and send requests from/to the CPU (LP,),
the LP, does not need to have the A input nor the sink element.
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As discussed early in this paper three types of parameters are required to instru-
ment the model. The parameters related to the synchronisation mechanism are those
of the basic Time Warp. As the parameters related to the platform, a cluster of IBM
RS6000 workstations and a 16Mbps Token Ring were considered. In this case the
time required to execute an event is about 1.208 ms and the time consumed in the
transmission of a message (or antimessage) is about 1.4 ms. Two cases were consid-
ered for the application parameters, as shown in Table 1. In both cases the probabil-
ity p is 50%.

Table 1. Tests’ configuration

Interarrival Service Time 1 Service Time 2
Time (tu) (tu) (tu)
Test #1 50 10 20
Test #2 50 10 5

Table 2 shows some of the metrics that can be observed by using the proposed
methodology. The "rollbacks" metric represents the number of rollbacks caused by
the straggler messages or by antimessages. The "messages issued” metric is the num-
ber of messages sent by the LP to remote execution. The "antimessage issued” metric
represents the number of antimessages sent by the LP.

Table 2. Metrics )

Metrics Test #1 Test #2
LP1 LP2 LP1 LP2
Rollbacks 365 391 384 297
Messages issued 414 354 416 354
Antimessa&es issued 350 265 344 266

These metrics are able to give an initial idea about the impact of the Time Warp
mechanisms on the distributed simulation performance. Other metrics can be ob-
served in the Time Warp simulation mechanism such as the relation between the time



spent with the events execution and the time spent with rollbacks execution; time
spent with antimessages, etc.

3 Final Remarks and Conclusions

This work shows that the use of Petri Nets is adequate to model the behaviour of a
distributed simulation synchronisation mechanism because it allows the easy imple-
mentation of the activity concurrence and shows the details of each step on a process
activity.

Thus, distributed simulation users have a methodology that makes easy and fast the
search for a synchronisation mechanism that presents better adaptation and offers the
best performance for the problem under study. An user that wants to apply distributed
simulation techniques to study some type of problem must only instrument the vari-
ous models and verify which synchronisation mechanism offers the best performance,
without the need to solve the problem using different approaches for synchronisation.
The task of setting parameters to the model takes into consideration the hardware
platform features that will be used in the future distributed simulation implementation
and the features of the application class related with the problem under study.

This paper showed preliminary results where the basic Time Warp model was
used. Future work will show the use of the plug-in model and also consider more
than one LP executing in the same processing element.
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