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Abstract

The complexity and dynamics of the Internet is driving the demand for scalable
and e cient network simulation. In this paper, we describe a novel approach to
scalability and e ciency of parallel network simulation that partitions the networks
into domains and simulation time into intervals. Each domain is simulated indepen-
dently of and concurrently with the others over the same simulation time interval.
At the end of each interval, tra c statistics data, including per ow average packet
delays and packet drop rates, are exchanged between domain simulators. The simu-
lators iterate over the same time interval until the exchanged information converges
to the value within a prescribed precision before progress to the next time inter-
val. This approach allows the parallelization with infrequent synchronization, and
achieves signi cant simulation speedups.

Large memory size required by simulation software hinders the simulation of
large-scale networks. To overcome this problem, our system supports distributed
simulations in such a way that each participating simulator possesses only data
related to the part of the network it simulates. This solution supports simulations
of large-scale networks on machines with modest memory size.
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1 Introduction

In simulating large scale networks at the packet level, one major di culty is
the enormous computational power needed to execute all events that packets
undergo in the network [5]. Conventional simulation techniques require tight
synchronization for each individual event that crosses the processor bound-
ary [1]. The inherent characteristics of network simulations are the ne granu-
larity of events (individual packet transitions in a network) and high frequency
of events that cross the boundaries of parallel simulations. These two factors
severely limit parallel e ciency of the network simulation executed under the
traditional protocols [1].

Another di culty is the large memory size required by large-scale network
simulations. With the current trend of simulating ever larger and more com-
plicated networks, the memory size becomes a bottleneck. Centralized network
con guration and routing information results in large memory requirements
during construction of the simulated network. Additionally, the needed mem-
ory increases also with the intensity of tra ¢ ows that dictate the size of
the future event list. Although memory requirements can be tampered by the
good design and implementation of the simulation software [7], we believe
that to simulate truly large networks, the comprehensive, distributed memory
approach is needed.

This paper describes our long-term research on developing an architecture
that can e ciently simulate very large heterogeneous networks in near real
time [17]. Our approach combines simulation and modeling in a single exe-
cution. The network parts, called domains, are simulated at the packet level
concurrently with each other. Each domain maintains the model of the net-
work external to itself which is built by using periodically output from other
domain simulations. If this model is faithfully representing the network, the
domain simulation will exactly represent the behavior of its domain, so its
output will support the correct models maintained by other simulations. Each
domain simulation repeats its execution, each time adjusting its model of the
rest of the network and feeding the other simulations with increasingly pre-
cise model of its own domain. As a result, all domain simulations collectively
converge to the consistent state of all domains and all models.

Thanks to the coarse granularity synchronization mechanism used in this sys-
tem, it is able to use di erent simulators in a single coherent network simu-
lation, hence we called it General Network Simulation Integration System, or
Genesis in short.

Genesis addresses also the large memory requirement problem in large-scale
network simulations. Many parallel simulation systems achieved speed-up in



simulation time, however, they also required that every machine involved had
big enough memory to hold the full network. This requirement is most eas-
ily achieved through a system with shared memory. In Genesis, in contrast,
memory usage is fully distributed. Each Genesis domain simulator stores only
a part of the network, together with some additional information which is re-
quired to cooperate with other simulators. In such a way, large networks can
be simulated by clusters of machines with smaller dedicated memory on each
of them.

Our approach underlying Genesis can also be seen as a variant of a general
scheme for optimistic simulation referred to as Time-Space Mappings proposed
by Chandy and Sherman in [2]. Although all optimistic simulations can be
viewed as variants of this scheme, very few apply, as we do, iterations over the
same time interval to nd a solution.

2 Genesis Approach

2.1 A Novel View of Network Simulation

In large scale network simulations, because of the huge amount of events and
high frequency of event rate, parallel and distributed simulation techniques
introduce high synchronization overhead. This overhead comes from a \general
rule” for parallel and distributed simulations: each event that is created on one
processor and needs to be executed on the other introduces synchronization
overhead. The processors involved in such an event need to be synchronized
for this event and this delays their execution. This general rule limits the
improvement of synchronization performance for network simulation. Can we
break this \general rule”? Our e orts to nd the answer for this question had
led us to the research work addressed in this paper.

In the traditional view of network simulation, we consider a group of paral-
lel or distributed simulation sub-systems as one simulation system which is
required to produce exactly the same simulation result as a sequential simu-
lation would do [11,13,3]. However, in many network simulation applications,
we do not care what have happened to individual network packets. Instead,
we are more interested in some \metrics", for example, tra c¢ throughput,
end-to-end packet delay, packet lost rate, et cetera. Thus, from a view at a
higher level, we are running simulations to achieve statistics data for the \met-
rics” we are interested in. A simulation system only needs to produce these
data accurately, or with approximations within a satisfactory range, instead
of guarantee the correct behavior of each individual packet. This gave us the
possibility to simplify a network simulation.



With this novel view of network simulation, we consider a distributed simu-
lation system as a loosely coupled distributed computing system. Each dis-
tributed domain simulator runs separately doing local computation (simulat-
ing the domain assigned to it) within a period of time, with all the informa-
tion of the network it has at that time, to produce local results as accurately
as possible. Periodically, these distributed simulator exchanges computation
results and updates network information among them. Each simulator uses
these \fresh™ information to update its own computation and information
base, to produce more accurate results during the next iteration. In this way,
we don’t need to synchronize and exchange data among simulators at event-
level (packet-level). The synchronization for these loosely coupled sub-systems
can be much infrequent and the overhead can be reduced signi cantly.

2.2 System Architecture

In Genesis, a large network is decomposed into parts and each part is simulated
independently and simultaneously with the others. Each part represents a
subnet or a sub-domain of the entire network. These parts are connected
to each other through edges that represent communication links existing in
the simulated network. In addition, we partition the total simulation time
into separate simulation time intervals selected in such a way that the tra ¢
characteristics change slowly during most of the time intervals.

Each domain is simulated by a separate simulator which has a full description
of the ows whose sources are within the domain. This simulator also needs
to simulate and estimate ows whose sources are external to the domain but
will be routed to or through the domain. In addition to the nodes that belong
to the domain by the user designation, we also create domain closure that
includes all the sources of ows that reach or pass through this domain. Since
these are copies of nodes active in other domains, we call them proxy sources.
Each proxy source uses the ow de nition from the simulation con guration
le.

The ow delay and the packet drop rate experienced by the ows outside the
domain are simulated by the random delay and probabilistic loss applied to
each packet traversing in-link proxy. These values are generated according to
the average packet delay as well as observed packet loss frequency commu-
nicated to the simulator by its peers at the end of simulation of each time
interval. Each simulator collects this data for all of its own out-link proxies
when packets reach the destination proxy.

A Farmer-Worker system is designed for data exchange among these domain
simulators [18]. Each domain simulator runs as a worker, and one stand-alone
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server runs as a farmer to synchronize domain simulators. Every domain simu-
lator stops its simulation at pre-de ned checkpoints, and exchanges data with
all the other domain simulators. During a checkpoint, each domain simulator
also checks its convergence condition by analyzing the received data, based on
some pre-de ned metrics (end-to-end packet delay, packet loss rate, etc.) and
parameters (e.g. precision threshold). The farmer collects convergence infor-
mation from all domain simulators and makes global convergence decisions. If
some convergence condition is not satis ed, the farmer will inform some or all
domain simulators to roll back and re-iterate. Those simulators which need
to roll back will go back to the last checkpoint and re-simulate the last time
interval, however, utilizing the data received during the current checkpoint.
When all the domain simulators converge, a global convergence is reached
and the farmer will inform all the domain simulators to go on to the next
time interval. The system framework is shown in Figure 1, and the details are
explained below.

In the initial (zero) iteration of the simulation process, each part assumes on
its external in-links either no tra c, if this is the rst simulated interval, or
the tra c de ned by the packet delays and drop rate de ned in the previous
simulation time interval for external domains. Then, each part simulates its
internal tra c, and computes the resulting out ow of packets through its out-
links.

In the subsequent k > 0 iteration, the in- ows into each part from the other
parts will be generated based on the out- ows measured by each part in the
iteration k 1. Once the in- ows to each part in iteration k are close enough to
their counterparts in the iteration k 1, the iteration stops and the simulation
either progresses to the next simulation time interval or completes execution



and produces the nal results.

Consider a ow from an external source S to the internal destination T,
passing through a sequence of external routers rq;:::r, and internal routers
M+1;:.:fc. The source of the ow is represented by the sequence of pairs
(ty; p1); i (tm; Pm), Where t;j denotes the time of departure of packet i and p;
denotes its size. At router 1, a packet j is either dropped, or passes with the
delay d;;;. For uniformity, dropping can be represented as as delay T greater
than the total simulation time. Hence, to replicate a ow with the proxy source
S? sending packets to routg I'n+1, packet j produced by S’ at time t; needs to
be delayed by time D = L, di;j. A delay at each router is the sum of con-
stant processing, transmission and propagation delays and a variable queuing
delay. If the total delay over all external routers is relatively constant in the
selected time interval, a random delay with proper average and variance ap-
proximates D; well. Thanks to the aggregated e ect of many ows on queue
sizes, this delay changes slower than the tra c itself, making such a model
precise enough for our applications.

2.3 Coarse Granularity Synchronization in Genesis

Genesis uses a coarse granularity synchronization mechanism, described above,
to simulate network tra cs, e.g., TCP or UDP ows. This is achieved by
having parallel simulators loosely cooperating with each other in the Farmer-
Worker framework. They simulate partitioned network concurrently with and
independently of each other in one iteration. They exchange data only during
the checkpoints executed between iterations. In addition, individual packets
are not stored or exchanged among parallel simulators. Instead, each data ow
is summarized based on some pre-de ned metrics, and only the summarized
tra c information is exchanged among parallel simulators.

This approach avoids frequent synchronization of parallel simulators. Parallel
domain simulators are running independently. Each of them uses data that
it received from others to represent the external network outside of its own
domain. By periodically exchanging data with other domain simulators and
reiterating over the same simulation time interval to achieve a global con-
vergence, the simulation of the whole network approximates the sequential
simulation of the same network with controllable precision. This is explained
more formally as follows.

Consider a network = (N; L), where N is a set of nodes and L (a subset of
Cartesian product N N), is a set of unidirectional links connecting them (a
bidirectional link is simply represented as a pair of unidirectional links). Let
(N1; ::;; Ng) be a disjoint partitioning of the nodes, each partition modeled by



a simulator. For each subset N;, we can de ne a set of external out-links as
Oi =L\(N; (N N;j)),in-linksas I; =L\X((N N;) N;), and local links
asL; = L\(N, Ni).

The purpose of a simulator S;, that models partition N; of the network, is to
characterize tra c on the links in its partition in terms of a few parameters
changing slowly compared to the simulation time interval. In the implemen-
tation presented in this paper, we characterize each tra c as an aggregation
of the ows, and each ow is represented by the activity of its source and the
packet delays and losses on the path from its source to the boundary of that
part. Since the dynamics of the source can be faithfully represented by the
copy of the source replicated to the boundary, the tra c is characterized by
the packet delays and losses on the relevant paths. Thanks to queuing at the
routers and the aggregated e ect of many ows on the size of the queues, the
path delays and packet drop rates change more slowly than the tra c itself.

Based on such characterization, the simulator can nd the overall characteri-
zation of the tra c through the nodes of its subnet. Let (M) be a vector of
tra c characterization of the links in set M in k-th iteration. Each simulator
can be thought of as de ning a pair of functions:

k(O =i« 1(1)); «(Li) = gi( « (1))

(or, symmetrically, x(l;); «(L;) can be de ned in terms of , 1(Oj)).

Each simulator can then be run independently of others, using the mea-
sured or predicted values of (l;) to compute itg tra c. Howeger, when the
gmulators are linked together, then of course ~—; «(l;) = “j—; «(Oi) =

P fi( « 1(1;)), so the global tra c characterization and its ow are de ned
by the xed point solution of the equation.

C=r"Coan ®

i=1 i=1

where F(S‘ﬂ:l( k 1(1}) is de ned as S‘ﬁ:l fi( « 1(1})). The solution can be
found iteratively starting with some initial vector o(l;), which can be found
by measuring the current tra c in the network.

We believe that communication networks simulated that way will converge
thanks to monotonicity of the path delay and packet drop probabilities as the
function of the tra c intensity (congestion). For example, if in an iteration
k a part N; of the network receives more packets than the xed point solu-
tion would deliver, then this part will produce fewer packets than the xed
point solution would. These packets will create in ows in the iteration k + 1.
Clearly then, the xed point solution will deliver the number of packets that



is bounded from above and below by the numbers of packets generated in two
subsequent iterations I, and lx+;. Hence, in general, iterations will produce
alternately too few and too many packets in the in ows providing the bounds
for the number of packets in the xed point solution. By selecting the middle
of each pair of bounds, the number of steps needed to convergence can be
limited to the order of logarithm of the needed accuracy, so convergence is
quite fast. In the measurements reported later in this paper, the convergence
for UDP tra c was achieved in 2 to 3 iterations, for TCP or mixed UDP/TCP
tra c in 5-10 iterations, and for BGP/TCP/UDP tra c it was about twice
the number of Autonomous Systems simulated.

It should be noted that the similar method has been used for implementation
of the ow of imports-exports between countries in the Link project [4] led
by the economics Noble Laureate, Lawrence Klein. The implementation [12]
included distributed network of processors located in each simulated country
and it used global convergence criteria for termination [21].

One issue of great importance for e ciency of the described method is fre-
guency of synchronization between simulators of parts of the decomposed net-
work. Shorter synchronization time limits parallelism but decreases also the
number of iterations necessary for convergence to the solution because changes
to the path delays are smaller. Variance of the path delay of each ow can be
used to adaptively de ne the time of the synchronization for the subsequent
iteration or the simulation step.

It is easy to observe that the execution time of a network simulation grows
faster than linearly with the size of the network. Theoretical analysis supports
this observation because for the network size of order O(n), the sequential
simulation time include terms which are of order:

0O(1) to O(n log(n)), that correspond to processing events in the order of
their simulation time in the event queue, depending on queue types;
O(n(log(n))?) to O(n?), depending on the model of the network growth, that
result from number and complexity of events that packets undergo owing
from source to destination. The average length of a path traversed by each
packet, the number of active ow sources, the number of ows generated
by each source and even the number of packets in each ow may grow at
the rate of O(log(n)) to O(n ), where 0:5 1, as the function of n,
the number of nodes in the network. They together create the super-linear
growth in the number of the events processed by the simulation.

Some of our measurements [22] indicate that the dominant term is of order
O(n?) even for small networks. Using the least squared method to t the
measurements of execution time for the di erent network sizes, we got the



following approximate formula for star-interconnected networks:

T(n) =3:49+0:8174 n+0:0046 n? (2)

where T is the execution time of the simulation, and n is the number of nodes
in the simulation. From the above, we can conclude that the execution time of
a network simulation is a superlinear function of the network size. Therefore, it
is possible to speed up the network simulation more than linearly by splitting
a large simulation into smaller pieces and parallelizing the execution of these
pieces.

As we demonstrate later in the measurement section, a network decomposed
into 16 parts will require less than 1/16 of the time of the entire sequential net-
work simulation, despite the overhead introduced by external network tra c
sources added to each part and synchronization and exchange of data between
parts. Hence, with modest number of iterations the total execution time can
be cut an order of magnitude or more. Our experiment results showed that this
approach achieved signi cant speed-up for TCP or UDP tra c¢ simulations.

Another advantage of the proposed method is that it is independent of any
speci ¢ simulator technique employed to run simulators of the parts of the
decomposed network. Rather, it is a scheme for e cient parallelization based
on convergence to the xed point solution of inter-part tra c. The conver-
gence is measured by a set of parameters characterizing the tra c rather than
individual packets. Our primary application is network management based on
on-line network monitoring and on-line simulation [22]. The presented method

ts very well to such application as it predicts changes in the network per-
formance caused by tuning of the network parameters. Hence, the xed point
solution found by our method is with high probability the point into which
the real network will evolve. However, there are open questions such as un-
der what conditions the xed point solution is unique, or when the solution
found by the xed-point method coincide with the operating point of the real
network.

The method can be used in all applications in which the speed of the simula-
tion is of essence, such as: on-line network simulation, ad-hoc network design,
emergency network planning, large network simulation, network protocol ver-
I cation under extreme conditions (large ows).

2.4 Inter-Domain Routing Simulation in Genesis

Genesis achieved performance improvement thanks to coarse granularity syn-
chronization mechanism. Since in many network simulation scenarios, the real



data of the tra cs packets are not important to the simulation result, no in-
dividual packet is synchronized between two parallel simulations in UDP and
TCP tra c simulations. Instead, packets are \summarized" on some metrics
(delay, drop rate, etc.). Only these data are exchanged between domains at
the end of each time interval. This approach was designed to simulate TCP
and UDP data tra cs, but could not be used to simulate some other ows,
for example, data ows providing information for routing protocols. This is
because the tra c of a routing protocol cannot be summarized; instead, dif-
ferent content and timing of each routing packet might change the network
status. Particularly, our desire to simulate BGP protocol required us to de-
velop additional synchronization mechanism in Genesis.

We developed an event-level synchronization mechanism which can work within
the framework of Genesis and support the simulation of BGP protocol [8]. To
simulate a network running BGP protocol for inter-AS (Autonomous System)
routing, with background TCP or UDP tra cs, we decompose the network
along the boundaries of AS domains. Each parallel simulator simulates one AS
domain, and loosely cooperates with other simulators. When there are BGP
update messages that need to be delivered to neighbor AS domains, the new
synchronization mechanism in Genesis guarantees that these messages will be
delivered in the correct time-stamp order.

2.5 Memory Distribution

Simulations of large-scale networks require large memory size. This require-
ment can become a bottleneck of scalability when the size or the complexity
of the network increases. For example, ns2 [10] uses centralized memory dur-
ing simulation, which makes it susceptible to the memory size limitation. The
scalability of di erent network simulators was studied in [7]. This paper re-
ports that in a simulation of a network of a dumbbell topology with large
number of connections, ns2 failed to simulate more than 10000 connections.
The failure was caused by ns2’s attempt to use virtual memory when swapping
was turned o . This particular problem can be solved by using machines with
larger dedicated or shared memory. Yet, we believe that the only permanent
solution to the simulation memory bottleneck is to develop the distributed
memory approach.

In a typical parallel network simulation using non-distributed memory, each
of the parallel simulators has to construct the full network and to store all
dynamic information (e.g., routing information) for the whole network during
the simulation. To avoid such replication of memory, we developed an approach
that completely distributes network information [16]. Thanks to this solution,
Genesis is able to simulate large networks using a cluster of computers with
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smaller dedicated memory (compared to the memory size required by shared
memory-based SSFNet simulating the same network).

2.6 Simulation Systems Integration

2.6.1 Interoperability Between ns2 and SSFNet

Java-based SSFNet and C++/TCL-based ns2 use di erent network models
and di erent simulation frameworks. The details of the implementation of
tra c packets and other network entities are di erent in these two systems.
Thanks to the coarse granularity synchronization framework in Genesis, only
tra c statistics data summarized on some metrics are exchanged among do-
main simulators, while the implementation details of the actual network tra ¢
in one domain can be viewed as a black box to the other. This facilitates the
design of a general integration framework.

In Genesis, we design the general format of the tra c statistics data message
being exchanged in the framework, and the general conventions for a domain
simulator to identify a network entity (e.g., nodes identi ed by a global node
id). Then, the rest of the work is the implementation of conversion between
native data format and the general message format for both SSFNet and ns2.
Because of this general inter-operation interface, a SSFNet domain simulator
can work with either SSFNet or ns2 domain simulators, in exactly the same
way. Another advantage of this approach is its extensibility: any domain simu-
lators complies with this general interface can be easily plugged into Genesis.

2.6.2 Interoperability Between SSFNet and GloMoSim

Based on the design of interoperability between ns2 and SSFNet, we adopt a
similar approach to enable interoperability between SSFNet and GloMoSim.
We create a scenario where we have mixed-mode tra c between a wired net-
work (modeled using SSFNet) and a wireless network (modeled using Glo-
MoSim). The SSFNet part of the network views the wireless GloMoSim do-
mains as a single node proxy network, which is the source and sink for all
tra c originating and destined respectively to the latter. Similarly, for Glo-
MoSim, the SSFNet domains are represented by a single node proxy network
as well. At each checkpoint interval, the information about inter-domain traf-

c statistics data is exchanged between SSFNet and GloMoSim simulations.
The receiving simulation uses this information to adjust the single node proxy
network and the links connecting to it, to better represent its cooperating
simulation. And based on the received information and local conditions in the
domain, a decision whether to roll back or not is made by each of the domains.
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3 Genesis Design Overview

3.1

System Components

Genesis took some common approaches for parallel and distributed simulation
systems and had all the general components for these systems, while adjusted
them to meet the special needs of coarse granularity synchronization.

In conventional parallel or distributed simulation which uses the space parti-
tioning technique to divide network into domains, the system usually consists
of these general components:

(1)

)

(©)

(4)

Network partitioning. The network topology being simulated is logically
partitioned into areas, and each area is assigned to one processor. The
simulation script which de nes the network provides some functionalities
to divide the network and assign processors.

Concurrent Simulation. Network areas are simulated concurrently on dif-
ferent processors. Each processor simulates only the part of the network
assigned to it and handles events generated from this part of network, or
events received from other processors.

Data management. In conventional simulation, the simulation data ex-
changed among processors are events. Events originated from one proces-
sor and targeted to another processor are remote events. The parallel or
distributed simulation system should recognize these remote events and
forward them to the correct destination, by using either shared memory
or explicit information exchanging techniques (e.g. MPI, socket connec-
tion).

Time management. Parallel or distributed simulators need to be syn-
chronized. As we explained earlier, di erent synchronization approaches
are designed to achieve the same goal that in each processor, events are
handled in the correct order of their time-stamps.

In our novel simulation system using coarse granularity synchronization tech-
nique, there are di erences in the roles and functions of these components:

1)

)

Network partitioning. A network topology is partitioned in the same way
as in conventional simulations, and each network partition is assigned to
one processor. However, it does not mean that one processor will only
simulation the partition assigned to it. Instead, the assigned partition is
the \simulation focus" of this processor, and fragments of other partitions
related to this one will also be simulated in this processor.

Concurrent Simulation. Each processor simulates the network partition
assigned to it in detail the same way as conventional simulation systems.
However, processors do not exchange remote events among each other.
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Instead, each processor contains not only its own part of the network, but
also a simpli ed model of the rest of the network. Thus, a \remote" event
related to the rest of the network can be delivered to the corresponding
simpli ed network model. In this way, there is no need to exchange \re-
mote events™, all events are \internal events™ to a processor.

(3) Data management. Data management in Genesis is di erent from con-
ventional systems. No remote events need to be exchanged among pro-
cessors. As explained above, for one processor, the simpli ed network
model serves as a representation of the part of network simulated in de-
tails by other processors, in other words, the \outside world™. In order to
correctly represent the \outside world", each processor collects simula-
tion statistics data from the part of network assigned to it and exchange
them with other processors. And then, it uses the data received from
other processors to adjust the network model representing the \outside
world™.

(4) Time partitioning and management. Time management in Genesis is dif-
ferent because no remote events need to be synchronized. Instead, the
simulation time is partition into intervals separated by checkpoints. Dur-
ing each checkpoint, the simulation time of every processor is synchro-
nized and convergence decision is made. Based on the received data from
its peer domains, a domain simulator might need to re-iterate one simu-
lation time interval to produce more accurate results.

3.2 Network Partition and Domain Model

~

O Host/Router //’&\ \\\ /,’/ 6 \\\
— Network Link (/ s \‘1
—= Traffic Path \\\ O/ 2 3 \\ 4 5 \® /
o \ --> Proxy Link . /// . ///
Domain 1 Domain 2 D(\)r;li;il’—l 1 / E;o\m‘ai_n/Z/
Active Domain Non-active Domain Non-active Domain ~ Active Domain

Fig. 2. Path Shortcuts and Proxy Links

In Genesis, network partitions are called \domains'. For one processor, the
domain assigned to it is called the \active domain", and the domains assigned
to other processors are called \non-active domains".

In the \active domain", the network structure is the same as the non-decomposed
network. In \non-active domains", tra c sources and destinations are repre-
sented by proxy sources, which can be activated or deactivated dynamically
during the simulation. \Path shortcuts' are used to simplify any tra c paths
in non-active domains. They are implemented as proxy links which connect
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