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Abstract

Simultaneous events are a fundamental challenge in dis-

tributed discrete-event simulation: Different execution or-

ders may lead to different simulation results. Commonly,

simultaneous events are handled by tie-breaking rules in or-

der to guarantee reproducibility. A second approach, how-

ever, is examining different execution orders with a branch-

ing mechanism. By analyzing the effects of simultaneous

events, confidence in simulation results may be increased.

Naturally, branching may get expensive with large num-

bers of simultaneous events. Thus, efficiency is crucial for

branching in order to be a practical method.

In this paper, we present an efficient branching mech-

anism for simultaneous events in distributed simulation,

which may be used in conjunction with, or as an alternative

to tie-breaking rules. We apply techniques which optimize

the detection of simultaneous events and reduce the num-

ber of branches as much as possible. Furthermore, we use

cloning to share computations among different branches.

1 Introduction

Distributed discrete-event simulation is a very popular tech-

nique for the performance evaluation of systems. Com-

pared to sequential simulation, distributed simulation is able

to meet high memory demands of complex scenarios, and

speeds up simulation runs. One of the fundamental chal-

lenges in distributed simulation is the problem of simultane-

ous events: Different execution orders may lead to different

states and thus to different simulation results.

Commonly, simultaneous events are handled by tie-

breaking rules, which use priority schemes in order to en-

force deterministic event orderings. While an adequate im-

plementation of tie-breaking rules is a nontrivial task in dis-

tributed simulation, satisfactory solutions have been found.

We give a detailed overview of previous research on tie-

breaking rules in section 2. For a general introduction to

distributed simulation techniques see e.g. [8].

An important aspect has mostly been neglected by the

research community: What impact do simultaneous events

have on simulation results? With tie-breaking rules, one of

many possible orderings is chosen every time simultaneous

events occur. However, in many cases there exist several

execution orders that lead to correct simulation results. As

an example, consider a completely filled packet buffer, with

an enqueue event and a dequeue event scheduled to happen

simultaneously. Then, both execution orders are correct in

the sense of the simulation model, yet they may well lead

to different results. Consequently, selecting a single simula-

tion result according to a tie-breaking rule implicitly labels

all other results as irrelevant (or wrong).

Should we care? In our opinion, the answer depends on

the simulation scenario and the purpose of the simulation. If

it is known that, in the simulation scenario at hand, simulta-

neous events do not (or only marginally) influence the simu-

lation results, then tie-breaking rules are perfectly adequate,

efficient solutions. However, examples where simultane-

ous events may influence simulation results noticeably have

been shown, e.g. in aviation simulation [25] and network

simulation [24]. Furthermore, with relatively abstract sim-

ulation models like e.g. communication protocols in early

stages of design, different execution orders of simultaneous

events may have a significant effect on simulation results.

Therefore, the user should have a means of analyzing the

impact of simultaneous events.

We have developed a branching mechanism for the anal-

ysis of simultaneous events in distributed simulation. The

branching mechanism detects simultaneous events, ana-

lyzes their interactions, and evaluates their impact by split-

ting the simulation run into different branches, thus com-

puting a set of possible simulation results. Naturally, effi-

ciency is crucial for the applicability of branching, which

may become costly when the number of different branches

is large. Therefore, in this paper, we present several tech-

niques which increase efficiency at different stages of the



branching process. We optimize the detection of simultane-

ous events, and examine event interactions in order to cut

down the number of branches. Furthermore, we incorporate

cloning techniques into the branching mechanism in order

to share computations among different branches.

The paper is structured as follows: In section 2 we dis-

cuss previous research on simultaneous events, and give an

introduction to cloning mechanisms. In section 3 we present

our branching mechanism and the techniques we apply for

maximizing its efficiency. Section 4 summarizes the paper

and outlines possible directions for future work.

2 Current state of research

In this section, we give an overview of the current state of

research in the area of simultaneous events. Furthermore,

we summarize previous work on cloning techniques.

2.1 Simultaneous events

In discrete-event simulation, two or more events with identi-

cal timestamps are referred to as simultaneous events. Com-

monly, simultaneous events are handled by tie-breaking

rules, which use event priorities in order to enforce well-

defined orderings. In sequential simulation, the definition

of priority schemes is straightforward.

In distributed simulation, the system state is partitioned

into logical processes (LPs), which are distributed onto the

participating hosts. Each logical process has its own event

list and handles all events related to its part of the state.

Other events are forwarded to their destination LPs. Since

events may arrive at LPs out of order, conservative or opti-

mistic synchronization mechanisms are used to ensure the

correctness of the simulation.

The realization of tie-breaking rules is a nontrivial task

in distributed simulation. With conservative synchroniza-

tion, any guarantee (e.g. a null message) has to correctly

reflect event priorities. With optimistic synchronization, an

already executed event has to be rolled back when a simul-

taneous event with a higher priority is received [21]. In or-

der to avoid making synchronization mechanisms aware of

priorities, event timestamps are usually extended by addi-

tional bits which encode priorities [23]. Handling simul-

taneous events gets complex when the simulation model

contains zero-delay cycles: Conservative synchronization

mechanisms are in danger of deadlock, and optimistic syn-

chronization may be caught in an endless rollback loop

[17, 22]. Thus, apart from reproducibility, tie-breaking

rules also have to ensure progress of the simulation.

In order to realize tie-breaking rules, research has con-

centrated on two approaches. The first approach supports

zero-delay cycles by defining sophisticated, automatic tie-

breaking mechanisms, e.g. [17, 22]. As an example, the tie-

breaking rule in [17] extends event timestamps by a tuple

consisting of an age field, as well as an identifier and a mes-

sage counter of the LP which created the event. In principle,

these approaches solve the problem of zero-delay cycles.

However, they are also subject to criticism, since the over-

head may noticeably slow down the simulation, and the au-

tomatic assignment of priorities raises the danger of incon-

sistencies when combined with user-defined priorities [22].

Therefore, the second approach focuses on user-defined pri-

orities and low overhead. As shown in [14], user-defined

locally consistent tie-breaking rules may be realized if the

communication between LPs fulfills certain lookahead re-

quirements. [6] discusses zero-delay events with a view to

the common requirement that the result of a distributed sim-

ulation is equal to the result of the corresponding sequential

simulation. It is shown that this can be guaranteed easily if

the simulation model is free of zero-delay cycles.

Simultaneous events have also been discussed in the con-

text of simulation standards. Modifications to the original

time management services of the High Level Architecture

[12] guarantee reproducibility in the presence of simultane-

ous events and zero-delay events [7]. The proposed scheme

allows each federate to control the ordering of simultane-

ous events locally. Furthermore, a mechanism for order-

ing simultaneous events in distributed simulations based on

DEVS models is proposed in [16].

A totally different question, however, was raised in [25]:

Are tie-breaking rules really satisfactory as a general so-

lution? As the examples in [24, 25] show, different tie-

breaking rules may yield noticeably different simulation re-

sults. This implies that ordering simultaneous events ac-

cording to tie-breaking rules may bias simulation results (cf.

also [15]), and motivates a different approach: Increasing

confidence in simulation results by examining more than

one execution order of simultaneous events. First steps into

this direction were taken in [2] by establishing a formal

framework for the analysis of simultaneous events in se-

quential simulation. Furthermore, branching was proposed

in order to calculate a set of simulation results. Our branch-

ing mechanism [20] is based on this framework.

2.2 Cloning

Cloning techniques for exploring alternative scenarios in

distributed simulation were introduced in the context of in-

teractive simulation [10]. At decision points, e.g. specified

by the user, alternative actions may lead to different sce-

narios. While the traditional method of exploring alterna-

tive scenarios consists of running independent replications,

the basic idea of cloning is to share common computations

among different scenarios. In order to achieve that, the sim-

ulation is divided into a virtual and a physical layer. Virtual

LPs belong to specific scenarios and are identified by their



LP ID, and a scenario ID. In contrast to that, physical LPs

perform the actual computations, e.g. event executions. By

mapping multiple virtual LPs to the same physical LP, com-

putations are shared. A physical LP which has two or more

associated virtual LPs is called a shared clone.

At a decision point, new scenarios are created globally,

and new physical LPs are instantiated for LPs which are

directly affected by the alternative actions. For all other

LPs, virtual LPs with the new scenario IDs are created

and mapped to existing physical LPs. The creation of new

scenarios is usually done conservatively so that it is never

rolled back, even with optimistic synchronization. In the

further course of the simulation, all shared clones monitor

the messages they receive. Whenever an LP receives differ-

ent messages for different scenarios, it clones itself, which

leads to the creation of a new physical LP and an update

of the LP mapping table. Since clones are only created

on-demand, when the effects of alternative actions spread

among LPs, this mechanism is called incremental cloning.

It has been shown that cloning can reduce simulation run-

times dramatically when compared to independent replica-

tions. Cloning is most advantageous when the differences

between alternative scenarios spread slowly, or not at all. A

comprehensive summary is given in [11].

Recently, two techniques which further increase the per-

formance of incremental cloning have been proposed: Just-

in-time cloning [9] delays cloning until it is absolutely nec-

essary, and thus avoids rollbacks of on-demand cloning

when optimistic synchronization is used. Merging [1] iden-

tifies cloned LPs in alternative scenarios which have con-

verged to the same state again, and merges them together in

order to avoid redundant computations.

In contrast to incremental cloning, entire cloning is a

technique which clones all LPs immediately at a decision

point. Thus, all scenarios run independently, and there are

no shared computations. However, entire cloning takes ad-

vantage of the fact that processors are sometimes idle in a

distributed simulation, and reduces these idle times by com-

puting multiple scenarios in parallel. Furthermore, message

comparisons are not necessary, which reduces overhead. An

important aspect is that entire cloning may even be applied

if there are no decision points at all: In [3], entire cloning is

used to run independent simulations in parallel, in order to

get statistically meaningful results faster.

Cloning mechanisms have also been developed for HLA-

based distributed simulations. The term active cloning has

been introduced to denote cloning at a decision point, while

on-demand cloning based on message comparisons is re-

ferred to as passive cloning. Active cloning is realized with

the help of global synchronization points for all federates.

The performance results once again show the advantages of

an incremental cloning approach. A detailed summary can

be found in [5].
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Figure 1. Execution tree for 3 simultaneous

events e1, e2, and e3.

3 Analysis of simultaneous events

In this section, we first describe the branching mechanism

as a basis for the following discussion. Then, we focus on

the efficiency of branching.

A given set of simultaneous events can be visualized as

an execution tree (cf. figure 1). Nodes represent system

states, and transitions conform to event executions. Every

path from the root to a leaf state corresponds to an execu-

tion order. Thus, when simultaneous events are detected,

the task of a branching mechanism is to calculate the leaf

states of the execution tree, and continue the simulation for

all different leaf states. We refer to the resulting simulation

runs as branches. In distributed simulation, the analysis of

simultaneous events presents a variety of challenges:

Consistency Simultaneous events may occur at different

LPs at the same time, and have to be analyzed in coor-

dinated fashion to avoid inconsistent global simulation

states. Thus, a global control or a communication pro-

tocol between the LPs is required for branching.

Completeness Depending on the simulation scenario, ar-

bitrary combinations of LPs with simultaneous events

are possible. Due to possible zero-delay events or zero-

delay cycles, the calculation of the complete execution

tree is a complex task.

Complexity For a given set E of simultaneous events there

exist |E|! possible event orderings. Therefore, the

worst-case run-time of branching is exponential in the

number of simultaneous events, and unlikely to be im-

proved. As a consequence, with very large numbers

of simultaneous events, a complete analysis will not

be feasible with today’s hardware. However, this also

means that for practical use the efficiency of branching

should be increased as much as possible.
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Figure 2. General structure of branching.

In [20], we have introduced a branching mechanism for si-

multaneous events and discussed the two aspects consis-

tency and completeness in detail. In this paper, we focus

on the most critical aspect, the complexity of branching.

Our branching mechanism uses an on-demand global

control, the Branching Manager (BM), which coordinates

the LPs during the branching process. Whenever an LP de-

tects simultaneous events, it reports them to the BM and

requests a global synchronization of all LPs. This is done in

order to reach a consistent, error-free simulation state, the

branching point. Whenever multiple LPs report simultane-

ous events, the synchronization takes place at the smallest

reported timestamp tmin. The global synchronization proce-

dure may be realized in different ways, cf. [20].

At a branching point, the BM issues branching requests

to the LPs with events at tmin in an iterative manner, depend-

ing on possible zero-delay events. Every LP l then explores

its local execution tree and calculates its local leaf states

(LLS). An LLS represents the state of l after a specific event

execution order and is defined as a 2-tuple LLS
i
l =

(

Si
,Ei

)

,

i = 1 . . .n, with n being the number of different leaf states.

Si is the resulting system state of l, and Ei is the set of future

events created by l on the corresponding branch.

With the received LLS, the BM then computes the com-

bined leaf states (CLS) of the combined execution tree. A

CLS contains information about the LLS of all LPs l1, . . . , lN

on the corresponding branch: CLSk = {LLS
i1
l1
, . . . ,LLS

iN
lN
},

where i1, . . . , iN are the identifiers of the different LLS, and

k is the unique ID of the resulting branch. Note that one and

the same LLS may be contained in more than one CLS. For

further details about the branching procedure see [20].

Finally, when all CLS have been calculated, they are

saved to hard disk, together with a snapshot of the state of

all uninvolved LPs. One of the states is restored immedi-

ately, the LPs are initialized accordingly, and the simulation

proceeds with the computation of the current branch. This

is repeated until all branches have been computed.

The general structure of the branching mechanism is

summarized in figure 2. In the following, we present tech-

niques for increasing the efficiency of branching. We dis-

cuss three stages of the branching mechanism separately:

The detection of simultaneous events, the calculation of the

execution tree, and the computation of branches.

3.1 Detection of simultaneous events

Synchronizing all LPs every time simultaneous events are

detected may clearly result in a lot of unnecessary over-

head: If two events are known to lead to the same simulation

state regardless of their execution order, analyzing them is

useless. Furthermore, the user may be interested in certain

types of simultaneous events only, and consider others irrel-

evant. For example, when evaluating a communication pro-

tocol like TCP, the simultaneous events “received acknowl-

edgement” and “timeout” may be of interest, since their

execution orders can easily lead to different system states.

We therefore restrict branching to specific event types by

declaring candidate events during simulation initialization.

In the course of the simulation, the LPs only report simul-

taneous candidate events to the BM. All other simultaneous

events are handled by tie-breaking rules.

In order to distinguish candidate events from normal

events, the structure of event timestamps may be utilized.

For tie-breaking, event timestamps are usually divided into

a basic timestamp field containing the virtual time value,

and an extension timestamp used to generate unique times-

tamps. We simply set the extension timestamp of a candi-

date event to “1 . . .1” when it is created, so that two can-

didate events will have identical timestamps whenever they

have identical basic timestamps.

The notion of candidate events ensures that simultane-

ous events are only reported when they are of interest to

the user. Apart from the extended timestamp scheme, there

is yet another way of declaring candidate events. We will

describe it as part of the next section.

3.2 Calculation of the execution tree

At a branching point, the BM coordinates the branching

process at the involved LPs. Each LP has to calculate its

LLS, return information about them to the BM1, and await

further instructions. Obviously, calculating all LLS can get

very time-consuming when there are many simultaneous

events. An important observation, however, is that several

nodes of an execution tree may be equal. Thus, an LP l does

not necessarily have to traverse its whole local execution

tree in order to calculate its LLS.

1Depending on the branching strategy, this includes information about

created zero-delay events. We ignore zero-delay events here for the sake

of clarity and refer to [20] for details.



We have developed two techniques to keep execution

trees small by eliminating unnecessary duplicate compu-

tations: Node comparisons and a-priori-knowledge. Node

comparisons are performed after every transition in the ex-

ecution tree. When an event has been executed, the newly

created node is compared to other nodes. If an equal node

is found, the branches are merged together immediately.

For the comparisons, each node is represented by a tuple

(Eexec,Epend,Enew,Sl), with Eexec being the set of already

executed simultaneous events, Epend the set of simultaneous

events yet to execute, Enew the set of events created during

branching, and Sl the system state variables of l. The three

event sets represent the current state of the scheduler and

are always compared first. Only when they are equal, the

(potentially large) system states are compared.

Node comparisons eliminate all duplicate states and al-

low for calculation of a set of unique LLS. However, they

have two disadvantages: Comparisons may be costly if sys-

tem states are large, and can only be performed after the

execution of events. We therefore use an additional mecha-

nism, a-priori-knowledge (APK), which is much cheaper in

terms of computing resources, and can already be employed

before event executions. The basic idea of APK is to store

programmers’ expert knowledge about possible event inter-

actions permanently in a repository, and utilize it at simu-

lation run time. Three types of event interactions may be

specified: Two events e1 and e2 are non-interacting, if both

execution orders (e1;e2) and (e2;e1) lead to identical states

whenever these events occur simultaneously. Similarly,

with surely-interacting events, it is guaranteed that both ex-

ecution orders lead to different states whenever they occur

simultaneously. Finally, with possibly-interacting events,

both ways are possible, depending on the circumstances.

The concept of APK was introduced as part of the sequen-

tial simulation framework in [2]. Since, in distributed sim-

ulation, events handled by different LPs are always non-

interacting, we reduce APK to LP-scope. Let El be the set of

all events which may be scheduled at LP l. Then we define

the local APK function of l as APKl : El ×El → {N,P,S}.

Table 1 explains the possible values of the APK function.

APKL (e1,e2) Interaction of events e1 and e2

N e1 and e2 are non-interacting

P e1 and e2 are possibly-interacting

S e1 and e2 are surely-interacting

Table 1. Possible values of the APK function.

During the calculation of its local execution tree, each

LP evaluates its local APK function. Whenever a subset of

simultaneous events is found to be non-interacting, only one

execution order is calculated. Moreover, surely-interacting

events never require node comparisons. In fact, node com-

parisons only have to be performed after the execution of

e1

e2

e3

e1 e1

e1 e1

e2

e2

e2

e2

e3

e3

e3

e3

APK matrix

N

e1 e2 e3

e1

e2

e3

N N

NN

N NP

P

e1

e2

e3

e1 e1

e1 e1

e2

e2

e2

e2

e3

e3

e3

e3

APK matrix

N

e1 e2 e3

e1

e2

e3

N N

NN

N NP

P

Figure 3. Using a-priori-knowledge.

possibly-interacting events. Thus, depending on the avail-

able amount of APK, many event executions and node com-

parisons are avoided. Figure 3 shows an example, with the

APK function visualized as a symmetric matrix.

APK does not only prevent unnecessary transitions in the

execution tree, but may also be used in conjunction with

candidate events. When an LP detects candidate events, it

can check their interaction before reporting them to the BM.

If they are found to be non-interacting, the LP refrains from

reporting them. Moreover, APK tables provide an elegant

way to declare candidate events: By setting the APK func-

tion of pairs of candidate events to possibly-interacting, and

all other event pairs to non-interacting, an exact specifica-

tion of simultaneous events of interest is possible.

We conclude that APK usage ensures that any unneces-

sary overhead like, e.g., reporting non-interacting simulta-

neous events, comparing equal nodes, or creating duplicate

branches, does not occur. This makes APK essential for an

efficient analysis of simultaneous events.

3.3 Computation of branches

The techniques presented so far eliminate all branches that

are duplicates or irrelevant to the user. Still, the actual

computation of the remaining branches may become a ma-

jor source of inefficiency. The branching mechanism, as

shown in figure 2, stores global system states to hard disk

and computes branches successively. In related applica-

tion areas, however, cloning techniques have been shown

to reduce simulation run-times when compared to indepen-

dent successive replications. Therefore, we have integrated

cloning into the branching mechanism in order to increase

its efficiency. In the following, we will refer to our original

branching mechanism as classical branching.

Cloning is triggered at decision points when one or more

LPs are required to show different behavior, i.e. use differ-

ing event handling routines. All other LPs become shared

LPs which perform common computations for different sce-

narios. Section 2.2 gives an overview of cloning techniques.
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A comparison of our branching mechanism with exist-

ing cloning mechanisms reveals both similarities and dif-

ferences. On the one hand, branching points logically cor-

respond to decision points, and both are treated conserva-

tively so that the creation of new branches is never rolled

back. However, there are also noticeable differences: With

simultaneous events, it is not known beforehand whether

new branches really have to be created, since the differences

between alternative execution orders only show during the

calculation of the combined execution tree. Furthermore,

there are no different event handling routines.

We have chosen a solution based on an interface, which

allows a seamless integration of cloning as an alternative to

classical branching. At a branching point, when the com-

bined execution tree has been calculated, the interface re-

ceives the CLS as well as the corresponding branch IDs.

With classical branching, the save-and-restore approach is

taken. With cloning, however, the active cloning algorithm

(cf. section 2.2) is performed, based on the information con-

tained in the CLS. This involves creating new physical LPs

for all involved LPs, and setting all other LPs as shared

clones accordingly. Note that, since an LLS may be con-

tained in multiple CLS, the newly created physical LPs may

still be shared clones at the same time. When active cloning

is completed, all events created in the process of branching

have to be extracted from the CLS and delivered to their

destination LPs. Finally, the simulation continues, and all

branches are simulated in parallel. In the further course of

the simulation, passive cloning is performed based on mes-

sage comparisons (cf. section 2.2).

In addition to sharing event computations among dif-

ferent scenarios, cloning has another potential advantage

when compared to classical branching, since simultaneous

events may occur in different scenarios at the same time.

Now, if simultaneous events occur at shared LPs, the whole

process of detecting, reporting, and analyzing them is per-

formed only once. During the branching process, however,

additional care is required: When analyzing simultaneous

events, the BM has to take into account to which scenarios

they belong. First of all, this has to be reflected correctly

when assigning branch IDs to newly created branches. Fur-

thermore, passive cloning may be required in the process of

branching. Figure 4 shows an example: The physical LPs

A{1} and B{1,2} (a shared clone for branches 1 and 2) are

about to calculate their LLS. However, during branching,

A{1} generates a zero-delay event, e4, for virtual LP B{1}. In

order to preserve consistency, B{1,2} has to perform passive

cloning upon reception of e4. Only then, the newly created

physical LPs B{1} and B{2} may calculate their LLS. In this

example, B{2} remains with a single event, e3, which it may

simply execute.

3.4 Performance results

In this section, we present performance results which we

obtained by replacing classical branching with the cloning

mechanism described in section 3.3. We examined the

speedup of cloning compared to classical branching in dif-

ferent simulation series. Apart from the different strategies

to compute branches (i.e. cloning or classical branching),

the respective simulation runs had identical setups. We ran

multiple replications of all simulations, and all figures in-

clude confidence intervals with a confidence level of 95%.

Some aspects of cloning have already been evaluated ex-

tensively in related application areas (see e.g. [5, 11]). Gen-

erally, cloning has been shown to be most advantageous

when the differences between alternative scenarios (i.e. the

effects of simultaneous events) do not spread among many

LPs. We have confirmed this result for our implementa-

tion. In the following, we will focus on another aspect of

cloning which has not been evaluated so far. While the tech-

niques presented in sections 3.1 and 3.2 are independent of

the synchronization mechanism, this is not the case for the

cloning technique. Therefore, we ran all simulations with

different conservative and optimistic synchronization mech-

anisms, in order to examine their impact on the run-time of

cloning in comparison to classical branching.

In order to examine the performance of cloning in a set

of scenarios with well-defined behavior, we used the syn-

thetic workload model described in [19]. The model con-

sists of nodes sending events to each other. When executing

an event with timestamp t, a node schedules a newly cre-

ated event at another, randomly chosen node. The times-

tamp of the new event is randomly chosen from the interval

[t+1, t+10]. Each node is mapped to its own LP.

For the evaluation of cloning, we extended the model so

that we were able to specify simultaneous events at specific

timestamps in advance. With regard to APK (cf. section

3.2), all simultaneous events were possibly-interacting, so
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Figure 5. Speedup of cloning compared to

classical branching (deadlock detection).

that execution trees had to be explored completely. All sim-

ulations were run for 1,000 units of virtual time. We made

sure that this duration is long enough so that no shared LPs

exist anymore at the end of the simulation. This avoids any

bias in favor of the cloning mechanism. In the following,

we present results for three simulation series:

Scenario A The model consists of 300 nodes with 3 initial

events scheduled at every node. Furthermore, 3 simul-

taneous events are scheduled at one specific node at the

beginning of the simulation. This results in 6 different

branches which have to be computed.

Scenario B In addition to the configuration in scenario A,

the model exhibits local behavior: The nodes are di-

vided into 10 groups, and new events are scheduled at

a node of the same group with probability 0.8, and with

probability 0.2 at another node. Thus, the effects of si-

multaneous events spread slower among the nodes.

Scenario C In addition to the configuration in scenario A,

another 3 simultaneous events occur at time 20.0. This

leads to a total number of 36 branches.

Figure 5 shows the speedup obtained by cloning when a

conservative deadlock detection scheme [4] is used. In sce-

nario A, a speedup of 3.23 is obtained. Since the maximum

possible speedup is equal to the number of branches, i.e. 6,

this is an encouraging result. The cloning mechanism had

already finished when classical branching was still comput-

ing the second branch. With local behavior, in scenario B,

the performance of cloning is even better.

The most notable speedup, however, was reached in sce-

nario C. Since the total number of branches is 36, a speedup

of 12.3 means that classical branching was still computing

the third branch when cloning had already finished. This is

remarkable, especially if we take into account that no LPs

were shared anymore at the end of the simulation runs.

0

1

2

3

Scenario A Scenario B Scenario C

Figure 6. Speedup of cloning compared to

classical branching (optimistic).

As figure 6 shows, with optimistic synchronization [13]

the achieved speedup is not as large as with the deadlock

detection scheme. Nevertheless, cloning performs clearly

better than classical branching, and is approximately twice

as fast as classical branching in scenario C. We expect the

speedup to increase further when just-in-time cloning is

used, which has been shown to increase the efficiency of

cloning with optimistic synchronization (cf. section 2.2).

With our current implementation, it is possible that passive

cloning is performed prematurely and rolled back later.

We have also run the simulations with other synchro-

nization mechanisms and noticed that, generally, cloning

performs especially well when frequent global synchroniza-

tion between the LPs is required. For example, with a com-

pletely synchronous mechanism, we achieved an average

speedup of 28.1 in scenario C. Also, the conservative dead-

lock detection scheme (cf. figure 5) belongs to this category.

We attribute this behavior to the fact that cloning increases

the event population, and thus there are more events to ex-

ecute between synchronization points than with classical

branching. This conforms to the results obtained in [3] for

entire cloning. In contrast to that, with an optimized conser-

vative null message protocol [18], we have only achieved a

marginal speedup of 1.04, since the increasing number of

LPs also leads to a much larger number of null messages.

In summary, in our performance evaluation, cloning was

always able to achieve speedup in comparison to classical

branching. However, the achieved speedup varied strongly

depending on the scenario and the synchronization mecha-

nism. Nevertheless, our conclusion is that cloning should

be used for the analysis of simultaneous events. Naturally,

due to the higher number of LPs, cloning may require much

more memory than classical branching. This holds espe-

cially for systems with many state variables. Therefore,

combinations of both mechanisms should be examined.



4 Conclusions and future work

In this paper, we have proposed a branching mechanism for

analyzing the effects of simultaneous events in distributed

simulation. In particular, we have presented various tech-

niques which increase the efficiency of branching. These

include methods for reducing the number of branches as

well as the general overhead of branching. Furthermore, we

have incorporated cloning techniques in order to compute

branches efficiently. Our performance evaluation has shown

that cloning reduces simulation run-times strongly when

compared to the classical method of computing branches as

independent replications. Altogether, this makes branching

a practical method for analyzing simultaneous events.

In future work, we are going to examine ways of com-

bining cloning and classical branching. Although cloning

generally reduces the run-times of simulations, classical

branching should be used when the available memory gets

low. Furthermore, we are going to examine the interaction

of cloning with partitioning algorithms. Since the cloning

of LPs may lead to load and communication imbalances,

dynamic partitioning of an otherwise well-balanced system

may be required. Here, the question is whether standard dy-

namic partitioning algorithms are able to deal with cloning

successfully, or whether they have to be made aware of it.

An interesting question is whether the APK technique

we developed for branching can be generalized and applied

in other areas, too. Although it is easier to determine the

interaction of events with identical timestamps, it is also

possible to specify general APK tables, i.e. for events with

different timestamps. One potential application area for

such a generalized type of APK is optimistic synchroniza-

tion, where knowledge about non-interacting events could

be used to reduce the number of rollbacks.
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