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Measuring Communication Delay for Dynamic
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Virtual Simulations
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Abstract—As an inherent characteristic of any distributed
system, the execution and performance of distributed vir-
tual simulations totally rely on underlay communication in-
frastructure and resources. The performance of such sim-
ulations is directly restricted by the communication laten-
cies between inter-dependent simulation components. The
High Level Architecture (HLA) is a framework designed
with the objective of organizing these simulations through
management services. However, the framework is unaware
of the communication delays caused by the network dis-
tances between communicating simulation parts. These de-
lays can result from non-planned initial deployment or dy-
namic simulation changes, requiring constant load balanc-
ing. Due to the importance of balancing distributed simula-
tions, many approaches have been designed. In order to pro-
vide a balancing system aware of the dynamic communica-
tion changes, a delay-based redistribution scheme has been
designed. The scheme successfully arranges the load, but
it lacks precision due to communication delay oscillations.
Therefore, extensions are proposed to modify the balancing
algorithm in order to avoid unnecessary, mistaken load re-
arrangements. In the experimental results, the delay-based
scheme has been able to reduce the simulation execution
time when compared with the distributed balancing scheme,
and the proposed extension has been capable of increasing
the precision of the balancing.

Index Terms—Distributed Simulations, HLA, Perfor-
mance, Load Analysis

I. Introduction

The performance of distributed virtual simulations sub-
stantially relies on the communication dependencies be-
tween simulation entities that are deployed on large-scale
environments. These dependencies dictate the progress of
coordinated processing, and they are inevitably influenced
by an underlay communication infrastructure. Communi-
cation latencies cumulatively add delays in a simulation,
and most of the delays are caused by network distances
and unpredictable dynamic communication load changes.
These delays exhibit a stronger influence on performance as
the scale of the simulation and the environment grows. The
High Level Architecture (HLA) framework unfortunately
does not present any approach for minimizing communi-
cation latencies on distributed virtual simulations. Thus,
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a balancing scheme has been designed to constantly mea-
sure the communication conditions, analyze the collected
information, and promptly react to run-time changes.

The HLA framework [1] was conceived to facilitate the
coordination and management of distributed simulations.
The HLA framework is fundamentally composed of a set
of rules, interface specifications, and object model tem-
plates, which are defined to provide interoperability and
enable re-usability of simulation elements. According to
the HLA specification, a simulation is called a federation
and consists of one or more simulation entities, which are
called federates. In order to introduce run-time simula-
tion coordination, a Run Time Infrastructure (RTI) is also
presented in the designed framework to enable the man-
agement services. More specifically, the Data Distribution
Management (DDM) service not only organizes the ex-
change of information inside simulations but also restricts
data transfers among federates. Even though this restric-
tion technique reduces the amount of data transmitted, it
is unaware of the communication latencies. As a result, de-
lays are added to the simulation time for each simulation
event exchanged.

Due to the high relevance of performance for distributed
simulations, many balancing schemes have been designed.
These schemes observe the computational and communi-
cation characteristics of a distributed system. Although
the analysis of computational load substantially improves
performance, this balancing cannot avoid the interaction
waiting time between simulation entities. Distributed sim-
ulations are strongly influenced by communication due to
dependencies between simulation components. As a re-
sult, the proposed balancing of HLA-based virtual simula-
tions focus on decreasing communication delays is focused.
Based on this objective, redistribution schemes have been
designed in [2] [3] and [4]. In such schemes, an analy-
sis of the proximity of resources according to the network
topology is performed in their redistribution algorithms to
rearrange federates. However, these schemes completely
rely on the static characteristics network resources.

A redistribution algorithm centred on communication
delay is proposed to overcome the issues originating from
the static load balancing features of the two previous
schemes. The proposed solution enables the detection of
dynamic communication load changes. The proposed bal-
ancing scheme is structured in the monitoring, redistribu-
tion, and migration phases. The redistribution phase of the
proposed scheme employs the proximity analysis approach
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to increase the redistribution possibilities. The balancing
system is organized in a hierarchical structure, and the
balancing elements interact through relations that dynam-
ically adapt according to the communication delays and
load. Due to the volatility of communication delay, exten-
sions are developed to increase the precision of balancing
response to communication load oscillations.

The remainder of this paper is organized as follows. In
Section 2, the related work and challenging issues are pre-
sented. In Section 3, the proposed balancing scheme is
presented by defining the systems architecture and func-
tioning. In Section 4, extensions for the proposed scheme
are detailed. In Section 5, the experimental scenario is de-
lineated, and results are discussed. Finally, in Section 6,
a brief conclusion is presented determining directions for
future work.

II. Related Work

Optimal load distribution is not a simple task and re-
quires complex analysis of monitored data to determine
run-time. Due to the importance and complexity of load
balancing, many balancing schemes have been designed for
optimistic and conservative distributed simulations. Es-
sentially, these schemes attempt to observe computational
or communication load in order to determine a sub-optimal
re-allocation of resources or simulation entities. Measur-
ing and analyzing computational load can considerably im-
prove simulation performance, but all this effort might be
lost if a large amount of delay in simulations originates
from communication latencies. Consequently, measuring
communication status and analyzing internal interactions
of distributed simulations present high relevance for in-
creasing execution performance.

The balancing schemes focused on computing resources
employ a resource-centred or simulation-centred approach.
According to the resource-centred technique, the balanc-
ing scheme requires measuring the status of the resources
on which the simulation load is deployed [5] [6] [7] [8] [9]
[10]. In summary, the redistribution algorithm attempts
to maximize overall utilization of resources. Following the
simulation-centred technique, the balancing scheme mea-
sures the local simulation speed of each simulation entity
[11] [12] [13] [14] [15]. Simulation entities with lower speed
indicate an overloaded resource, and their rearrangement
benefits the simulation performance. Nevertheless, this
balancing approach cannot identify delays caused by com-
munication latencies and may not be able to determine
imbalances that result from simulation dependencies.

To avoid or minimize the delay effects in simulations,
look-ahead and communication rate are the most com-
monly employed metrics in balancing systems. Look-ahead
is used by balancing schemes to indirectly reveal the depen-
dencies that increase simulation execution time [16] [17].
The analysis of communication rates and latencies provide
the means to directly determine which dependency might
be causing overhead. The dependency causes delays funda-
mentally because of network distances and overhead. The
analysis of these dependencies and reorganization of load

is performed either statically through critical path analy-
sis [18] [19] or dynamically through periodic measurement
and analysis of simulation interactions [20], [17], [21], [22],
[23], [24], [25], [26]. The previously designed balancing
schemes are simulation-dependent, limit the parallelism of
simulation processing, or disregard the network topology.
To provide a solution that considers the proximity of re-
sources, two schemes have been developed [2] [3] [4].

Based on the analysis of resources locality, a hierarchical
scheme with centralized data analysis has been designed
in [2] [3]. A distributed redistribution algorithm [4] is pro-
posed to overcome the negative features of the centralized
algorithm. However, both schemes are unable to detect
stress of the resources caused by communication overhead
of external processes or caused by saturation of network
resources. A delay-based balancing scheme [27] has been
developed to observe the measurement of communication
delay in the load redistribution. Even though this scheme
enables the adaption to more dynamic characteristics of
distributed simulations and resources, it lacks precision
due to the volatility of communication delay. Thus, an
extension is proposed to improve the analysis of gathered
communication delay measurements and consequently re-
act to communication imbalances more properly.

III. Balancing System Based on Communication
Delay

To react to dynamic communication load changes, the
proposed balancing scheme incorporates periodic mea-
surements of network conditions and communication be-
haviour, load analysis, and rearrangement of HLA-based
simulation federates. In the balancing scheme, the most
recent status past is adopted as the main prediction metric.
A decentralized load redistribution algorithm is employed
to prevent issues present in centralized schemes, such as
single point of failure, synchronization, and overhead [4].
The algorithm acts according to the hierarchical structure
that organizes the balancing components. This structure
basically represents the network topology that determines
the positioning of the computing resources and classifies
simulations in different domains (clusters). A domain con-
sists in a region of the environment that is monitored by a
set of balancing components.

A. Architecture

Similarly to the architecture in [4] and as depicted in Fig-
ure 1, the proposed load balancing system relies on Group
Managers (GM) to coordinate all the balancing steps. This
component manages the resources and simulation federates
inside a domain, and it accesses information from other do-
mains to detect imbalances. The balancing steps that are
organized by a GM are comprised of monitoring, redistri-
bution, and migration. Monitoring is the initial part in
each balancing cycle and requires the measurement of sim-
ulation and resource aspects. The balancing metrics are
obtained through a Monitoring Interface component and
Local Management Agents (LMA). Based on such metrics,
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Fig. 1. The Dynamic Communication Balancing’s General Architec-
ture

a GM initiates the detection of imbalances and redistribu-
tion of load.

The Monitoring Interface is responsible for enabling the
access to third-party monitoring services which provide
general information about the load resource status. The
monitoring information service is part of the mechanisms
available in resource management systems. Conceived by
Foster [28], a Grid is a resource management system that
coordinates the access of individuals and institutions to
distributed resources. Globus Toolkit [29] is recognized
as the de facto middleware standard that implements the
resource sharing system, and it is based on Open Grid Ser-
vices Architecture (OGSA) [30]. The OGSA Grid services
comprise the monitoring of resources and applications, and
the scheduling and allocation of shared resources accord-
ing to application requirements [31]. These services are
accessed by the balancing system to retrieve the load of
resources, which is gathered by the Ganglia Monitoring
System.

A LMA acts as an interface between a GM and a set of
federates in a resource. In order to retrieve monitoring in-
formation from federates and forward migration calls, the
GM is composed of a Communication Monitoring Interface
(CMI) and a Migration Manager (MM). The CMI accesses
each federates load status through the Federate Manage-
ment Interface (FMI). The FMI observes the communica-
tion rate of a federate, calculates the measurements, and
keeps the information in a table and in a circular queue.
The table stores the communication behaviour of a feder-
ate, containing the communication destination and amount
of data transmitted. The circular queue includes the com-
munication delay for each simulation interaction to a re-
mote federate. The (MM) component forwards migration
calls to the respective federate and coordinates the process
of transferring a federate to a remote location.

B. Balancing Scheme

Monitoring, redistribution, and migration are the three
major steps that compose the proposed balancing scheme.
Monitoring requires the measurement of communication
load status and communication resources conditions. The

data collection is initiated in each domain by a GM, which
forwards the request to its respective LMAs that subse-
quently triggers a CMI. Upon the request of the CMI, a
FMI collects the contents of the communication table and
circular queue, processes them, and answers back. The
processing of communication rates consists of summing all
the data transmission entries in the table since all federates
communicate with the HLA RTI. Regarding the commu-
nication delay, an average is calculated from all entries in
the circular queue. The CMI merges the measured metric
in a message through aggregation methods and sends the
message to its GM, which initiates the monitoring analysis.
The GM also retrieves and filters measurements related to
the computational load of resources contained in its do-
main through a monitoring information system.

Redistribution occurs between a GM and its neigh-
bour GMs and produces negotiated migration calls. Even
though this is the main part of the balancing scheme, it is
totally dependent on reliable, efficient migrations. With re-
ceiving a migration call, a MM is responsible for efficiently
transferring a federate to a predefined resource. The fed-
erate migration efficiency partially dictates the responsive-
ness of the balancing system since the federate transfer pro-
cedure can produce considerable cumulative delays. Con-
sequently, a freeze-free, two-step federate migration pro-
cedure [32] [33] that minimally employs third-party mech-
anisms and avoids unnecessary communication and com-
puting to be performed is adopted.

In summary, the migration technique transfers a feder-
ates code and its initialization files, suspends the feder-
ates execution, saves its execution state, and restores it at
the remote destination. In the first step, a MM launches
the migrating federate at the remote location to be ready
for restoring its execution state with the information that
is transmitted in the second migration step. In order for
the federate to be launched remotely, its configuration files
and any other piece of information that is needed to ini-
tialize the execution of the federate are transferred. Be-
cause reliable data transfers are required for this trans-
fer, Grid services are used. The data transmission is per-
formed through the staging process of GridFTP [29], which
is the task realized before the submission of the migrating
federate through the Web Service Grid Resource Alloca-
tion and Management (WS GRAM) [29]. All these third-
party mechanisms require considerable time to perform the
transfer and submission, but this time is negligible because
the migrating federate does not suspend its execution.

In the second migration step, and after the federate at
the remote location is ready, the communication channel
of the migrating federate with the RTI is reconfigured to
point to the federate at the remote host. When the channel
is successfully modified, the migrating federates execution
is suspended, and its running state and the state of its Lo-
cal Run-time Components (LRC) are saved, transmitted,
and restored at the remote federate with the mediation
of a MM. The incoming messages are also saved and sent
by means of the MM. These messages consist of the sim-
ulation events that are received while the federate is sus-
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pended and the channel reconfiguration is performed. The
messages need to be saved for the appropriate processing
of the restored federate to avoid simulation inconsistencies.
Finally, the federate takes over its execution, and only the
delay in this second step is the final migration latency.

C. Detection and Redistribution Algorithm

The proposed detection and redistribution phase is the
essential part of the balancing scheme since this phase dic-
tates the responsiveness and efficiency of the scheme by
delimiting the elements that are reallocated and their des-
tination. Based on the placement of distributed balancing
components, the characteristics and conditions of commu-
nication resources determine the relations between these
components.

Delay is the metric employed in the balancing scheme
to represent the dynamic conditions of communication re-
sources. Together with the nominal network capacities,
delay provides awareness of communication capabilities in
a given moment. This metric indirectly supports the de-
tection of network resource overload. By providing flexible
means to perceive the dynamic communication load, delay
is added to the analysis of the nominal network to ex-
tend the coordination of the inter-relations between GMs.
Therefore, since communication load changes dynamically,
the direction in which simulation federates are moved is
modified to reflect the available resources accordingly.

In the proposed balancing scheme, communication delay
is assumed as the time in milliseconds spent to transmit
one byte of data. This metric is obtained by locally mea-
suring the amount of time taken to send each message of
a simulation federate. A circular queue of size N is em-
ployed as the data structure to save every delay measure-
ment. Since communication delay presents a volatile char-
acteristic that reflects on frequent oscillations, an average
is calculated from the saved measurements to generate an
estimation that reflects a more stable delay value. Size N
is used to restrict the amount of information that is stored
locally and to emphasize the most recent communication
status. In the case that every measurement of this metric
is logged during a ∆ time interval, recent communication
changes occurring at the end of the balancing cycle are ig-
nored because of the large quantity of old measurements
in the beginning of the interval in a long list of delay val-
ues. On the other hand, a small parameter N might not be
able to represent the real communication conditions since
it can produce imprecise estimations that vary excessively.
Thus, as a matter of simplification, the circular queue is
restricted to 200 elements; this size accommodated both
low and high communication load experiments.

Not only is communication delay measured, but the to-
tal amount of data transmitted and received by a feder-
ate is collected as well. The total communication load of
a federate is collected, aggregated, and sent to its GM.
The aggregation is employed to decrease the amount of
data transmitted between balancing components and to
minimize the interference with the network resources [34].
After monitoring data is retrieved, an average delay is cal-

Algorithm 1 Detection-Redistribution Algorithm
Require: delayGM ,delay list,abs commGM ,abs comm list,

goodputGM ,goodput list,federate list
while delayGM > max(delay list) do

order ascendingly(delay list)
temp GM ← select first(delay list)
if delayGM > (temp GM.delay + error) then

if goodputGM ≤ temp GM.goodput then
data comm← calculate transfer()
repeat

fed eval← select most comm(federate list)
if fed eval.ab comm≤ data comm then

fed← fed eval
end if

until fed 6= ∅
else

data comm← calculate transfer()
repeat

fed eval← select med low(federate list)
if fed eval.ab comm≤ data comm then

fed← fed eval
end if

until fed 6= ∅
end if
federate mig.add(fed)
adjust delays(delayGM , temp GM.delay)

else
endLoop

end if
end while
GM list← select similar delay(delay list)
order ascendingly(GM list)
for i = 1 to GM list.size() do

if goodputGM > GM listi.goodput then
data comm← calculate transfer()
fed eval← select lowest feds fit(data comm)
if fed eval.ab comm≤ data comm then

federate mig← select lowest feds fit(data comm)
end if
federate mig← fed eval
adjust delays(delayGM , temp GM.delay)

end if
end for
return federate mig

culated for every resource according to the average delay
of its federates. A GM also calculates the total amount of
data exchanged by federates in its entire domain and the
average domain delay. At the end when this information is
produced, the GM requests the average communication de-
lay and total amount of transmitted data from neighbour
GMs.

As described in Algorithm 1, communication delays,
amount of data transmitted, and goodput of a domain are
used to identify imbalances. The goodput is a metric ob-
tained at the application layer and represents the amount
of data delivered per time. The goodput reflects the net-
work distance of each domain from the RTI, and considers
all the factors that influence the transmission time until
data is delivered to the destination in its application level.
Through these metrics, a greedy technique is used in the
redistribution algorithm to identify a simulation distribu-
tion. The greedy analysis allows for a fast redistribution
solution that offers a good load rearrangement, improv-
ing responsiveness. Therefore, based on delays, GMs are
ranked, and pair analyses are performed between the GM
and each neighbour GM, starting with the GM with the
lowest delay.

Two actions are used in the redistribution algorithm to
decrease the communication overhead. In the first action,
the redistribution procedure identifies the neighbour GMs



DE GRANDE AND BOUKERCHE: COMMUNICATION DELAY FOR DYNAMIC BALANCING STRATEGIES 5

that present communication delay plus an error lower than
the GMs. This approach transfers communicative feder-
ates to locations with better network conditions by iter-
atively analyzing delays and goodputs. In the goodput
analysis, resources with higher goodputs are assigned to re-
ceive the most communicative federates, which are ranked
in a list according to their communication rate. The list
is classified in high, medium, and low communication in-
tensity. The resources not close to the RTI but with lower
delay averages receive federates classified as medium com-
munication intensity. In the second action, neighbour GMs
with similar average delay ( delayext − error ≤ delay ≤
delayext+error ) and goodputs lower than the GMs are se-
lected to received federates with the lowest communication
intensity. In this approach, the redistribution attempts to
reduce concurrency of the communication link for highly
communicative federates. The value of the error that de-
termines the equivalence of delays is obtained based on
percentage of the local delay, and it is defined as 3%.

The next step in any of the communication delay condi-
tions is identifying the correct federate to be migrated.
This task occurs iteratively and requires an analysis of
the communication load of a list of federates. The fed-
erate with the largest communication rate and less than
the value obtained in Formula 1 is selected. The commu-
nication rate provides the means to assign a priority to
federates. With this procedure, the balancing system pre-
vents the production of imbalances by containing the load
changes.

comm transfer =
|d2 − d1| × (a1 + a2)

2× (d1 + d2)
(1)

The difference of communication load between two do-
mains used to select federates is estimated in Formula 1.
The formula employs the absolute amount of data trans-
mitted in each domain (a) and the most recent average
communication delay of their GM to estimate the com-
munication load difference. In this case, the simple sub-
traction is not aware of the difference between domains
goodput and the external background processes. The re-
cent communication and network pseudo-status are incor-
porated in the calculation through the introduction of de-
lays. As a result, a more flexible value is achieved, which
reflects the sudden network changes.

In each redistribution iteration, communication loads
and delays of each GM involved with a migration move
are adjusted for the next analysis iteration. The adjust-
ment is introduced to restrict the amount of federates that
are selected for migration. This restriction also prepares
the analysis metrics for the next iteration. The absolute
communication load value is adjusted through a subtrac-
tion (a−af ) or addition (a+af ), in which a is a GMs value
and af is the communication load of a federate. For the
communication delays, additional calculations are needed,
which are performed through Formula 2. The formula
uses the adjusted communication load value (a− af ) to
determine the value for the delay. Similarly, the delay of
the neighbour GM is obtained through Formula 3, which

proportionally considers the federate load in the domain.
Then, the ranking process of neighbour GMs and the re-
distribution analysis are restarted.

adjd =
a× d

(a− af )
(2)

adji =
a× d

(a + af )
(3)

When the load modifications are identified, federate mi-
grations need to be issued, requiring federate identifica-
tions, source resources, and destination resources. All fed-
erate candidates belonging to the same destination domain
are grouped in a list, and these federate lists are sent to
their respective GMs. Upon receiving this migration re-
quest, a neighbour GM analyzes the computational load of
its local resources in order to receive the federates. If com-
putational overloads are not generated, the local resources
with the least load receive the federates. Through this
technique, computational imbalances are avoided while re-
distributing the simulation load for communication pur-
poses. After resources are identified, the neighbour GMs
send their information to the GM, which defines migra-
tion calls accordingly and forwards them to their respec-
tive federates. The resources involved with the triggered
federate migrations are inserted in a list in order to be
excluded from the next balancing cycle. Through this ap-
proach, enough time is provided to resources to establish
their normal execution. Load irregularities (oscillations)
that are caused by migrations are avoided.

IV. Extension

As exemplified in the experiments, the proposed delay-
based balancing scheme presents efficiency issues related to
the detection precision and the background communication
load. The average communication delay in a great extent
of the data sample mostly represents the current network
load status. However, variations can be found in the details
of this average and the majority of the variations misleads
the decision-making of the balancing scheme. Imprecision
originating from the communication delay oscillations in
the data sample misguides the balancing scheme, which
cannot identify imbalances properly or might produce un-
necessary distribution modifications. The delay oscilla-
tions are caused by data transmissions with latencies that
do not reflect the real conditions of the network resources,
and these oscillations might exert significant influence on
the monitoring metrics. Since the average communication
delay is employed as the method to determine the charac-
teristic aspect of the network resources load situation, the
amount of irregular variations in the data sample propor-
tionally misleads the final value of communication delay.
Consequently, for each delay calculation, the monitoring
components observe the time spent to transmit a certain
amount of data, and such time can be influenced by the
simulation application or by other means from the under
layers in the communication system. The influences need
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to be considered in order to provide a more accurate mea-
sure of communication delay. Furthermore, the other issue
of the balancing scheme is the limitation of responsive-
ness to external background communication load. The de-
pendency of the redistribution algorithm on the network
topology hampers the redistribution actions, which have
to avoid network links with large nominal bandwidth but
presenting high consumption of communication resources.
Therefore, a set of modifications on the redistribution algo-
rithm is presented as an extension to improve the balancing
effectiveness.

A. Extension of Data Analysis

The extension of the data analysis consists of inserting
techniques and mechanisms just after data is collected or
just before comparisons and interpretations are realized to
determine imbalances. Essentially, these techniques com-
prise the exclusion of extreme values of communication de-
lay from the circular queue and the smoothing of the GM
communication average delay.

For the exclusion of non-representative values of the
circular queue, the extension attempts to improve the
measurement of communication delay by avoiding specific
transmission situations that might influence the produc-
tion of extreme values. The values are generated by a lack
of precision of monitoring components in interpreting and
recording the collected data. The problems with the calcu-
lated delay involves the existence of communication delays
with zero value, too large transmission times for a small
amount of data caused by either too little information sent
or the simulation application processing during the trans-
mission. Basically, the actions for minimizing the oscilla-
tions of delay are related to dealing with such monitoring
problems.

In some cases, if the amount of data transmitted is small
enough to consume less time than the precision offered by
the balancing system, the monitoring mechanism records
the time spent for sending data as zero. In the case of the
implemented balancing system, one millisecond denotes
the minimum time value detected by the local monitor-
ing component. Consequently, the delay calculated from
this transmission time is zero even though the real delay
might be high. This misrepresentation leads the balancing
system to incorrectly interpret the current status of the
distributed system and resources. Since this technique is
employed in every step of monitoring, the calculated com-
munication delay of federates, resources, and clusters are
influenced.

In order to avoid this misrepresentation of delays, an ini-
tial, simple technique is adopted. The transmission times
with zero value are discarded from the recorded list since
they reflect an unreal value. This value, which is generated
from a lack of precision, totally differs from a real delay in
any optimistic circumstance. With this action, only real-
istic delay values are used, providing a more representa-
tive average at the end of the calculations. Consequently,
since the oscillations of the calculated average are partially
caused by these discrepant values, their exclusion decreases

the variations and produces a more precise representation
of the recent delay.

Even with the exclusion of zero values of delay, the final
average delay oscillates due to the transmission of a small
amount of data. This data is large enough to produce
non-zero communication delay, but its size is still small
enough to make its transmission susceptible to small pro-
cessing and networking time variations. In the presence of
a large amount of transmitted data, these time variations
are negligible since they produce insignificant changes or
oscillations on the calculated communication delay. Thus,
because the time variations heavily affect the transmission
of a small amount of data and cannot be avoided, commu-
nication delays for these transmissions are not considered
in the calculation of the federate average delay. In the pro-
posed extended scheme, 100 bytes is the minimum amount
of transmitted data to be considered in the calculation of
delays, and every delay based on a quantity of data inferior
to this amount is discarded from the circular queue.

The detection and exclusion of high, discrepant commu-
nication delay values is another measure adopted in the ex-
tension to decrease the communication delay oscillations.
Even avoiding messages with zero transmission time and
with too small of a payload, object updates that fit in a
category which is considered normal might produce delays
that differ totally from the rest of the delays in the data
sample. These discrepant values are originated from on-
going processing that occurs simultaneously with the data
transmission and hampers the measurement of the send-
ing time. Also, sudden spikes of communication resources
consumption by other processes considerably influences the
simulation communication delays. These spikes reflect on a
few data transmissions, but they do not represent the gen-
eral communication conditions in certain locations of the
distributed environment. Because these sudden changes
might happen unpredictably, the discrepant values need
to be detected and eliminated from the data sample to
avoid erroneous calculation of the final average communi-
cation delay. The detection is performed after the delays
are calculated and when they are requested by the balanc-
ing system for redistribution analysis through the LMA.
The detection and exclusion is postponed to the last mo-
ment before all elements in the circular queue are retrieved,
so the analysis of the data sample for detection can iden-
tify the divergent values based on the data sample pat-
tern. The analysis consists of using the interquartile range
to determine and eliminate the outliers in the data sam-
ple. Normally, the collected communication delays tend to
present a gaussian distribution for a large data sample, and
the existence of outliers may influence the average delay to
differ from its real normal distribution. The interquartile
range presents a robust statistical method with a break-
down point of 25%, providing an efficient technique for
identifying outliers for exclusion and improving the rep-
resentation accuracy of the average. After the discrepant
values are identified and eliminated, the average communi-
cation delay is calculated based on the middle fifty values
of the sample data.
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Even though the filtering of gathered delay metrics con-
siderably decreases the sharp oscillations of average com-
munication delay, smoothing techniques are applied on the
GM averages to diminish the inappropriate variations be-
tween them and to determine a trend. The sequence of
the GM communication delay averages is composed of a
list of successive data points naturally ordered according
to their time and spaced at uniform time intervals. Due
to this natural temporal ordering characteristic, this se-
quence of delays is observed and interpreted as a time se-
ries that oscillates (decreases and increases) along with the
time. Techniques for processing time series can be applied
to these averages in order to produce a prediction or iden-
tify an smoothed value. One of these techniques that can
be used for determining a more steady delay value based
on the past oscillations is exponential smoothing. In this
smoothing method, weights are assigned to each data point
in the time sequence and according to time distance from
the current time. Exponential smoothing acts as an itera-
tive simple weighed average calculation based on the previ-
ous observation and the previous smoothed average. Even
though single exponential smoothing offers a fair smooth-
ing for a time series, it does not consider trends in the
data sequence. Such trends present high relevance for this
smoothing analysis since they can be identified in the load
oscillations of the data sample. In order to incorporate
the trend of the communication delays, double exponen-
tial smoothing is employed.

The double exponential smoothing technique employed
in the GMs communication delay analysis is represented
by Formulas 4 and 5. These associated formulas are used
when the average is requested for the redistribution of a
neighbour GM, as presented in Algorithm 1. The local
GM, upon the request of its neighbour GM, generates the
smoothed delay average instead of the pure delay aver-
age and returns it back to the requester. Smoothing is
applied among the current and the past communication
delay averages calculated for the GMs. Observing that the
current value of the sequence of communication delays is
used to calculate its smoothed value replacement in dou-
ble exponential smoothing, a GM does not need to save all
the past data (average delays) since these are reflected in
the parameters for the calculation of the last exponential
smoothing.

sumi = α×elemi+(1−α)×(sumi−1+ti−1), 0 ≤ α ≤ 1 (4)

ti = γ × (sumi − sumi−1) + (1− γ)× ti−1, 0 ≤ γ ≤ 1 (5)

The smoothing technique is only employed at a data
sample for i larger than 1 since it needs to have at least
one previous element in the data sequence to support the
current element. One simple method of initialization of the
smoothing function is to assign the first average obtained
to the first smoothed valued, so sum0 just receives elem0.
Both functions are configured through two constants: the

smoothing function is defined by the smoothing constant α,
which works in conjunction with γ that delimits the trend
estimation function. These values are chosen according
to application-specific needs, and for this extension, α is
set to 0.9 and γ is set to 0.5. Since α is set to a high
value in the proposed extension of the balancing scheme,
the initialization elements do not present much influence on
the final smoothed average but they exercise certain weight
to generate smoothing. For each calculation, a GM saves
the sumi and the ti to use for the next average request of
its average.

B. Extension of Load Redistribution

The redistribution algorithm also requires modifications
in order to consider the existence of external background
communication load in the system. In the previous
algorithm, the presence of an external process might
substantially influence the communication conditions
for a distributed simulation, so the balancing scheme
needs to consider communication delay more heavily in
the redistribution. The former redistribution algorithm
observes delay and uses goodput to orientate its load
reallocation. In the presence of external background load,
the delay based balancing scheme slowly redistributes the
load by transferring the most communicative federates
at the end due to the goodput constraints. However,
the goodput cannot be discarded since it is the only
parameter that provides a further view of the environment
resources. In this case, the redistribution algorithm is
extended by introducing an additional condition that
attempts to improve the responsiveness of the balancing
scheme to external background communication load,
as described in Algorithm 2. The added condition is
based on a threshold that identifies a large difference of
communication delay between domains. The threshold
ext resp is a percentage of a neighbours delay and is
incorporated to the neighbour GMs communication
delay for the analytical comparisons. The threshold
is defined proportionally to the difference of a GMs
goodput (ext resp = temp GM.delay × (goodputGM −
temp GM.goodput)/temp GM.goodput when the
goodputGM > temp GM.goodput and ext resp = error
otherwise).

V. Experimental Results

Experiments have been conducted to analyze and com-
pare the proposed redistribution schemes effectiveness with
the previous distributed balancing system [4]. The exper-
imental analysis consisted of the execution of HLA-based
distributed virtual simulations deployed on two comput-
ing clusters and one computing server. One of the clusters
(IBM) was composed of 24 computing servers, which were
inter-connected through a gigabit Ethernet network link.
Each computing server contained a Quadcore 2.40GHz In-
tel CPU and 8 gigabytes of RAM. The other cluster (Dell)
consisted of 32 computing servers that were connected
through a 2-gigabit Myrinet optical network link. Each
computing node contained a Core 2 Duo 3.4 GHz Intel
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Algorithm 2 Extended Redistribution Algorithm
Require: delayGM ,delay list,abs commGM ,abs comm list,

goodputGM ,goodput list,federate list
while delayGM > max(delay list) do

order ascendingly(delay list)
temp GM ← select first(delay list)
if delayGM > (temp GM.delay+) then

data comm← calculate transfer()
repeat

fed eval← select most comm(federate list)
if fed eval.ab comm≤ data comm then

fed← fed eval
end if

until fed 6= ∅
federate mig.add(fed)
adjust delays(delayGM , temp GM.delay)

else if delayGM > (temp GM.delay + error) then
if goodputGM ≤ temp GM.goodput then

data comm← calculate transfer()
repeat

fed eval← select most comm(federate list)
if fed eval.ab comm≤ data comm then

fed← fed eval
end if

until fed 6= ∅
else

data comm← calculate transfer()
repeat

fed eval← select med low(federate list)
if fed eval.ab comm≤ data comm then

fed← fed eval
end if

until fed 6= ∅
end if
federate mig.add(fed)
adjust delays(delayGM , temp GM.delay)

else
endLoop

end if
end while
GM list← select similar delay(delay list)
order ascendingly(GM list)
for i = 1 to GM list.size() do

if goodputGM > GM listi.goodput then
data comm← calculate transfer()
fed eval← select lowest feds fit(data comm)
if fed eval.ab comm≤ data comm then

federate mig← select lowest feds fit(data comm)
end if
federate mig← fed eval
adjust delays(delayGM , temp GM.delay)

end if
end for
return federate mig

CPU and 2 gigabytes of RAM. The additional comput-
ing server contained an Intel i7 CPU with 8 cores and 6
gigabytes of RAM. This external computing server was lo-
cated in a different network, so it was connected to the
Dell cluster through a fast Ethernet network link and to
the IBM cluster through either a 10 base T network link
or a fast Ethernet network link. In this environment, a
Linux operating system and the Globus Toolkit 4.2.1 [29]
were installed to support the experiments, and the HLA
platform with RTI version 1.3 was used to develop and
coordinate the virtual simulations.

All the simulation federates were evenly placed on the
56 computing servers of both clusters. The HLA RTI exec-
utive was deployed on the external computing server and
coordinated all the experimental simulations. The pro-
posed balancing systems were also placed on each comput-
ing server of both clusters. A LMA was deployed in each
cluster computing server, and a GM was running in each
cluster management node.

For the simulation scenario used in the experiments, the
federates organized simulations that performed training
operations coordinated in a two-dimension routing space.
In such scenarios, two teams of interactive tanks were con-
trolled by federates in time-stepped simulations. Each
federate calculated the movement of a set of tanks, and
for communication purposes, the tanks performed simple
movements that did not require highly intensive comput-
ing. Each federate also realized the publication of new po-
sitions and subscription to other federates tank updates.
Generally, 200 federates composed the simulations and or-
ganized 1 to 10 tanks each in 100 time steps. In order to
control the communication imbalances, the tanks updates
were reduced to around 700 bytes while special objects
were introduced in some federates to apply a 54000-byte
load, producing considerable communication overhead.

The experiments were divided in two study groups. In
one group, the 10 base T network connection dictated
the simulation performance due to the simulation depen-
dency characteristics. The connection with the smaller
bandwidth intentionally generated a bottleneck for the dis-
tributed simulation when it was employed in the experi-
ments. In the other group, an external background com-
munication load was inserted in the communication link
between the management node of the Dell cluster to gen-
erate a communication imbalance. The load consisted of
a highly intensive consumption of network resources by
running a client process that constantly transmitted and
received large amounts of data to a server process.

A. Imbalances Caused by Network Resources

A static, restricted communication imbalance was intro-
duced in the experimental simulations in order to observe
the responsiveness of the proposed balancing schemes. As
shown in Figure 2(a), every simulation federate controlled
one object (tank). Some federates were selected to ad-
ditionally coordinate the update of special objects, which
generated considerable communication overload in the sys-
tem. The curves in the graph show the influence of the
communication delay on simulation performance as the
number of communicative federates increased in the simu-
lations. The static distribution presented the worst simula-
tion performance with the induced communication imbal-
ance since it did not modify the distribution according to
the simulation communication behaviour. This linear, fast
execution time increase was a consequence of the severe
bottleneck introduced between the IBM cluster and the ex-
ternal computing server. All the proposed and distributed
balancing systems presented curves that grew similarly.
However, observing the inset graph in Figure 2(a), the pro-
posed schemes showed an improvement, which achieved al-
most double the performance improvement when compared
with the distributed approach for some cases.

For the same simulations, Figure 2(b) describes the num-
ber of migrations required by each balancing scheme to
obtain a simulation performance improvement. The pro-
posed balancing system presented less migrations than the
distributed balancing system for simulations with up to



DE GRANDE AND BOUKERCHE: COMMUNICATION DELAY FOR DYNAMIC BALANCING STRATEGIES 9

 0

 1000

 2000

 3000

 4000

 5000

 6000

 0  5  10  15  20  25  30  35  40  45  50

E
x
e
c
u
ti
o
n
 T

im
e
 i
n
 s

e
c
o
n
d
s

Number of Federates

Distributed Balancing
Delay Aware Balancing

Extension
Static Distribution

 0

 500

 1000

 0  50

(a) Performance Comparison

 20

 40

 60

 80

 100

 120

 140

 160

 180

 200

 220

 240

 0  5  10  15  20  25  30  35  40  45  50

N
u
m

b
e
r 

o
f 
M

ig
ra

ti
o
n
s

Number of Federates

Distributed
Delay Aware

Extension

(b) Comparison of Number of Migrations

Fig. 2. Balancing Scheme Analysis for Increasing Amount of Static Communication Load in Presence of a Network Imbalance
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Fig. 3. Balancing Scheme Analysis for Increasing Amount of Dynamic Communication Load in Presence of a Network Imbalance

30 federates. This steep increase of the number of mi-
grations originates with the instability of the proposed
scheme and is caused by the measured communication de-
lay oscillations. When observing the results of the ex-
tension approach, there was a significant decrease in the
number of migrations with the improvement of the preci-
sion of the balancing. The large amount of migrations of
the distributed approach was a result of the inter-relations
between balancing components in the distributed scheme
that constantly moved federates between domains, and a
large effort was spent to achieve such a distribution. Even
with this simulation scenario that does not impose large
peer-to-peer data transfers for federate migrations, the
large amount of migrations noticeably influenced the final
simulation performance result.

In this experiment, the same static, restricted commu-
nication imbalance was imposed to the distributed virtual
simulations, but the simulations generated a communica-
tion load that changed dynamically. In this case, the re-
sponsiveness of the balancing schemes was analyzed since
the dynamic imbalances require fast, effective redistribu-
tion of simulation elements. As depicted in Figure 3(a),

the proposed balancing schemes were more effective in re-
ducing the simulation execution time, and the extended
scheme was able to outperform the delay-based redistri-
bution for simulations with more than 20 communicative
federates. The extension also showed a reduced amount of
oscillations when compared to the regular scheme, as de-
scribed by the standard deviation of the curves. These os-
cillations are more evident in the curves that represent the
number of balancing migrations in Figure 3(b). According
to the curves, both proposed schemes increased the balanc-
ing efficiency, since they reduced the amount of migrations
to achieve better performance gain. Nevertheless, when
comparing the extended and regular approaches, the ex-
tended approach presented significantly smaller variations
in its curve. This conforms with the decrease of commu-
nication delay oscillations and consequently the improve-
ment of balancing precision.

B. Imbalances Caused by External Communication Load

An experimental scenario containing external back-
ground communication load was produced in order to ana-
lyze the responsiveness of the proposed balancing schemes
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Fig. 4. Balancing Scheme Analysis for Increasing Amount of Static Communication Load in Presence of External Background Overhead

when compared to the distributed balancing scheme. In
this scenario, both clusters were connected to the external
computing server through the same fast Ethernet network
link. In this case, the Dell cluster presented slightly bet-
ter communication conditions since it contains a Myrinet
optical switch connecting its internal computing servers.
However, a process was placed in one of the computing
servers of the Dell cluster in order to produce excessive
communication load. This load was applied for λ amount
of time (180 seconds) and then was kept deactivated for γ
(40 seconds). This activation and deactivation behaviour,
together with the dynamic simulation load changes, was
introduced in the scenario as an attempt to mimic the un-
predictability of a real shared network, in which any appli-
cation might be consuming the resources at any moment.
Thus, the communication load dynamically generated im-
balances and overhead for the distributed simulations, and
the reaction of the balancing schemes were observed.

As shown in Figure 4(a), the arrangement of simulation
load defined by the distributed balancing approach pre-
sented a worse simulation execution time than the simula-
tions with just the static deployment. This situation was
generated by the unawareness of the distributed scheme
of the external background load of this balancing system.
The external background process produced some commu-
nication overhead that stressed the network, but the situ-
ation was worsened when the distributed balancing placed
the most communicative federates in the network bottle-
neck. The delay-based balancing scheme did not present
much performance gain to the simulations since the com-
munication delay oscillations misled the balancing scheme
to generate too many migrations. The extended scheme
was able to decrease the simulation time, but it offered only
a slight performance gain. The curves in Figure 4(b) fairly
represented the unawareness of the distributed scheme,
which did not modify its reaction to the external com-
munication load. The regular proposed scheme showed a
growing, varying amount of migrations as the number of
federates increased; this reflects the instability of the bal-
ancing due to the variations in its metrics.

VI. Conclusion

A delay-based redistribution scheme and an extension
are proposed to coordinate the reallocation of distributed
load for HLA-based virtual simulations. Their balancing
elements are organized in a hierarchical structure, which is
built according to the network topology of the environment
used to deploy the distributed simulations. The proposed
schemes rely on the measurement of simulation and re-
sources, analysis, detection, redistribution, and migration.
The introduction of communication delay as major metric
in the schemes requires modifications to the inter-relations
between balancing components to allow independent, asyn-
chronous interactions. The proposed extension introduces
filtering and processing techniques for the measured com-
munication delay to decrease the delay oscillations that
interfere with the efficiency of the balancing system. The
extension also modifies the redistribution algorithm to in-
crease the responsiveness of the balancing system to imbal-
ances caused by external background communication load.

Experiments have been conducted to evaluate the per-
formance gain and the balancing efficiency of the proposed
balancing scheme and its extension when compared with a
balancing system that presents a distributed reallocation
scheme. In the overall experimental analysis, both pro-
posed balancing techniques reduce the number of costly
migrations and provide a method of measuring the actual
status load of communication resources. Moreover, the
proposed extension improved the precision of the delay-
based balancing scheme by decreasing the oscillations of
the measured metrics. This increase of accuracy allowed
the balancing system to avoid unnecessary precipitated
load transfers, reducing the number of migrations. As fu-
ture work, additional experimental analyses will be per-
formed for other realistic scenarios in order to evaluate the
responsiveness of the proposed balancing schemes. The
number of migrations directly impacted on the execution
time of the simulations, so additional studies will be con-
ducted to determine the influence of migration latency in
the balancing system. Due to the importance of balanc-



DE GRANDE AND BOUKERCHE: COMMUNICATION DELAY FOR DYNAMIC BALANCING STRATEGIES 11

ing the computational load, it will be incorporated in the
communication balancing scheme to provide a broader load
redistribution solution for distributed virtual simulations.
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