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ABSTRACT

The complexity and dynamics of the Internet is driving
the demand for scalable and e cient network simula-
tion. In this paper, we describe a novel approach that
partitions the networks into domains and simulation
time into intervals. Each domain is simulated indepen-
dently of and concurrently with the others with only
local domain information over the same simulated time
interval. At the end of each interval, global routing in-
formation, packet delays and drop rates for each inter-
domain ow are exchanged between domain simulators.
When the exchanged information converges to the value
within a prescribed precision all simulators progress to
the next simulated time interval. This approach allows
the parallelization with infrequent synchronization, and
achieves signi cant simulation speedups. Such a solu-
tion supports simulations of large-scale networks on dis-
tributed machines with modest memory size.

1 INTRODUCTION

In simulating large-scale networks at the packet level, a
major di culty is the enormous computational power
needed to execute all events that packets undergo in
the network (Law and McComas 1994). Conventional
simulation techniques require tight synchronization for
each individual event that crosses the processor bound-
ary (Bhatt et al. 1998). The inherent characteristics of
network simulations are the ne granularity of events
(individual packet transitions in a network) and high
frequency of events that cross the boundaries of paral-
lel simulations. These two factors severely limit parallel
e ciency of the network simulation executed under the
traditional protocols (Bhatt et al. 1998).

Another di culty is the large memory size required
by large-scale network simulations. With the current
trend of simulating ever larger and more complicated
networks, the memory size becomes a bottleneck. Cen-
tralized network con guration and routing information
results in large memory requirements during construc-

tion of the simulated network. Additionally, the needed
memory increases also with the intensity of tra ¢ ows
that dictate the size of the future event list. Al-
though memory requirements can be tampered by the
good design and implementation of the simulation soft-
ware (Nicol 2002), we believe that to simulate truly
large networks, the comprehensive, distributed memory
approach is needed.

This paper describes our long-term research on devel-
oping an architecture that can e ciently simulate very
large heterogeneous networks in near real time (Szy-
manski et al. 1999). Our approach combines simu-
lation and modeling in a single execution. A novel
coarse granularity synchronization mechanism is used
to achieve better parallel e ciency. Thanks to this ap-
proach, Genesis is able to use di erent simulators in a
single coherent network simulation. This feature moti-
vated the name of the system: General Network Simu-
lation Integration System, or Genesis in short.

Genesis addresses also the large memory requirement
problem in large-scale network simulations. Many par-
allel simulation systems achieved speed-up in simula-
tion time, however, they also required that every ma-
chine involved had big enough memory to hold the
full network. This requirement is most easily achieved
through a system with shared memory. In Genesis, in
contrast, memory usage is fully distributed among par-
ticipating simulators.

As discussed in (Szymanski et al. 2002), the 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 Sher-
man in (Chandy and Sherman 1989). Although all op-
timistic 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.
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2 GENESIS APPROACH

2.1 Coarse Granularity Synchronization in
Genesis

Genesis uses a coarse granularity synchronization mech-
anism to simulate network tra cs, as described below.
In Genesis, a large network is decomposed into parts
and each part is simulated independently and simulta-
neously with the others. Each part represents a subnet
or a domain or even Autonomous System (AS) of the
entire network. These parts are connected to each other
through edges that represent communication links ex-
isting in the simulated network. In addition, we parti-
tion the total simulation time into separate simulation
time intervals selected adaptively in such a way that
the tra c characteristics change little during each time
interval.

Each domain is simulated by a separate simulator
which has a full description of the ows whose sources
are within its domain. Each simulator needs to ap-
proximate ows routed to or through its domain whose
sources are external to the domain. To this end, each
simulator creates its domain closure that includes all
the sources of ows that reach or pass through this do-
main. Since these are copies of nodes active in other do-
mains, we call them proxy sources. Each proxy source
uses the ow de nition from the simulation con gura-
tion 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 gen-
erated according to the average packet delay and its
variance as well as observed packet loss frequency com-
municated to the simulator by its peers at the end of
simulation of each time interval. Each simulator col-
lects this data for all of its own out-link proxies when
packets reach the destination proxy.

Every domain simulator stops its simulation at pre-
de ned checkpoints, and exchanges data with all the
other domain simulators by exchanging data with oth-
ers. Each domain simulator checks its convergence con-
dition 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 thresh-
old). Until the convergence condition is not satis ed,
the domain simulator will be going back to the last
checkpoint and re-simulating the last time interval, uti-
lizing the data received during the latest checkpoint.
When all the domain simulators converge, a global con-
vergence is reached, and all the domain simulators go
on to the next time interval. The system framework is
shown in Figure 1.

Consider a ow from an external source P to the in-
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Figure 1: Progress of the Simulation Execution

* In this case, say domain 2 requires check-pointing

ternal destination Q, passing through a sequence of ex-
ternal routers rq;:::rn and internal routers rp+1;::: rg.
The source of the ow can be represented by the se-
quence of pairs (t1;p1);::: (tm;pPm), Where tj denotes
the time of departure of packet i and p; denotes its
size. At router i, a packet j is either dropped, or passes
with the delay dj;j. For uniformity, dropping can be
represented as as delay T greater than the total simu-
lation time. Hence, to replicate a ow with the proxy
source Q" sending packets to router rn+1, packet j pro-
duced |l9y Q" at time t; needs to be delayed by time
Dj = i.,di;j. A delay at each router is the sum of
constant processing, transmission and propagation de-
lays 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 av-
erage and variance approximates 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
model precise enough for our applications.

2.2 E ciency Analysis

It has been observed that the execution time of a net-
work simulation grows faster than linearly with the size
of the network (Ye et al. 2001). Theoretical analysis
supports this observation because for the network size
of order O(n), the simulation time contains terms which
are (i) of order O(n log(n)), that correspond to sort-
ing event queue, (ii) of order O(n?), that result from
packet routing, and (iii) even of order O(n?), that rep-
resent the cost of building routing tables. 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.
The challenge in large scale network simulations
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is that the processing of large amount of events re-
quires enormous computational power and long execu-
tion time. Conventional packet-level parallel simula-
tions achieved execution speedups with modest number
of parallel processors, but their scalability and paral-
lel e ciency were limited by their frequent event-level
synchronization. To achieve execution speedups, uid
model network simulation took the approach of using a
high level abstraction of network tra cs to reduce the
number of simulation events (Liu et al. 2001). But
the e ciency and accuracy of simulating uid mod-
els highly depend on the types, parameters and com-
plexities of network models. Hence, such models can
sometimes be less e cient than packet-level simula-
tions (Liu et al. 1999), and it is di cult for them to
achieve high accuracy in complex wireless network mod-
els. Genesis, in contrast, took another approach and
uses a novel coarse granularity synchronization mecha-
nism to reduce the frequency of synchronization while
preserved packet-level simulation. It achieved better
parallel e ciency than conventional parallel simulations
with controllable accuracy. Figure 2 shows the compar-
ison among these approaches.

Fluid Model Simulation:

Speed-up depends on complexity of the model;
Accuracy depends on types of models

| Genesis:

Higher parallel efficiency (60~100%);
; controllable accuracy (~ 95%).

Efficiency

Parallel packet-level Simulation:

Unscalable parallel efficiency;
High accuracy (~ 100%).

| Sequential packet-level Simulation |
| High accuracy (~ 100%). |

Accuracy

Figure 2: Simulation E ciency vs. Accuracy

Our target application is network management based
on on-line network monitoring and on-line simula-
tion (Ye et al. 2001). The presented method ts very
well such an application as it predicts changes in the
network performance caused by tuning of the network
parameters.

2.3 Event-level Synchronization in Genesis

The basic Genesis approach described above was de-
signed 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 pro-
tocol cannot be summarized on packet delay and drop
rate; instead, di erent content and timing of each rout-
ing packet might change the network status. Partic-

ularly, our desire to simulate BGP protocol required
us to develop 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.

2.4 Memory Distribution

Simulations of large-scale networks require large mem-
ory size. This requirement can become a bottleneck of
scalability when the size or the complexity of the net-
work increases. For example, ns2 uses centralized mem-
ory during simulation, which makes it susceptible to the
memory size limitation. The scalability of di erent net-
work simulators was studied in (Nicol 2002). This paper
reports 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 perma-
nent 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 replica-
tion of memory, we developed an approach that com-
pletely distributes network information. Thanks to this
solution, Genesis is able to simulate large networks us-
ing a cluster of computers with smaller dedicated mem-
ory (compared to the memory size required by shared
memory-based SSFNet simulating the same network),
as shown in section 4.2.

3 GENESIS DESIGN OVERVIEW

3.1 Design of Domain Simulator Model

In this section, we summarize the basic design of Gene-
sis domain simulator to support domain-based parallel
simulations presented by us in (Szymanski et al. 2002).

The user is responsible only for annotating domains
in the simulation con guration le. This is achieved
simply by labeling each node in the con guration by the
corresponding domain number. Based on these annota-
tions, the extensions to the ns system process domain
de nition and its closure, collect the data for informa-
tion exchange and implement the information exchange,
as well as monitor convergence. A sample domain and
its closure is presented in Figure 3 and discussed below.

Support for domain de nition in Genesis, i.e., iden-
tifying which nodes belong to a particular domain, is






