
Abstract

SWORDFISH (Simple Wormhole Routing and Fault
Injection on Simulated Hardware) is a simulator to explore
the design space of high-performance networks. The simu-
lator features a high modularity and is configurable by
plug-ins. The simulated network is scalable to a large
number of nodes and its modules are parameterizable to
model timing, delays and buffer sizes. A simple and univer-
sal method to generate communication patterns is based on
the single program multiple data (SPMD) programming
model. Various topologies from distributed to centralized
switches with a extendable variety of routing and arbitra-
tion functions can be generated easily. Extensive possibili-
ties to collect both performance and statistical data gives
the network designer a large set of data to prove the design
decisions. Accuracy is proven by comparing the simulation
results to real performance measurements of an existing
network.

Keywords: High Performance Computing and Network-
ing, Modelling and Simulation, Interconnection Networks,
Cluster Computing

1 INTRODUCTION

The SWORDFISH project was started to explore the
design space for a next-generation interconnection network
(IN) based on the work of a previous existing network, the
ATOLL network ([1]). The simulation should be scalable to
large networks. Flexibility to incorporate new modules, de-
sign decisions, routing algorithms, etc. is very important. A
major goal was the possibility to explore decisions in the ar-
eas of topologies, routing functions, buffer sizes, buffer
management, flow-control, switching/arbitration strategies
and fault tolerance features. Also, insights into the conse-
quences of design decisions regarding head-of-queue
blocking and deadlock freedom/removal were of interest.
The simulation accuracy should be proven by comparing
the simulation results to the real performance data of the
ATOLL network.

There have been many projects on the topic of simula-
tion of networks and of wormhole-switched networks. Ex-
amples of simulators for wormhole networks are [2],[3], [4]

and [5]. RubinLAB provides for a detailed view of the sin-
gle switch but lacks flexibility and support for large scale
simulations. Many simulations are targeted strictly at pack-
et switched networks respectively the Internet or TCP/IP
based networks ([6], [7], [8], [9]). In recent time adaptive
routing algorithms and multicast algorithms have seen sig-
nificant work ([5], [10]). Often only a limited number of
topologies is supported (for example k-ary n-cubes, [10],
[11]). Traditionally, workloads for network simulators have
often been modeled as stochastic processes of varying com-
plexity ([11]) or trace generated ([12]). Some simulators
provide a library for developing complex traffic patterns in-
stead of simulating only trivial built-in standard patterns
(e.g. [13]). Others provide a library for the implementation
of user-defined network protocols ([14], [9]). Execution-
driven workloads have not been used very often in the con-
text of interconnection simulation. None of the simulators
available to us met all the criteria of our necessities.While
some projects provide a lot of flexibility ([11]) those solu-
tions are targeted at a different field of application. This
state of the art analysis led to the decision to build a new
modular and scalable interconnect simulator to answer our
questions for the design of high-performance networks for
parallel and cluster computing.

SWORDFISH addresses source-path routed System
Area Networks (SANs) employing wormhole- or virtual-
cut-through switching, including intermediate switching
methods. The different switching schemes are facilitated
through different buffer and arbiter modules. The compo-
nent oriented architecture of SWORDFISH also supports
other routing and switching strategies but they have not yet
been implemented. A high speed cross-bar switching ele-
ment is chosen as the core element of the simulated net-
work. Any node-degree and topology is supported. While
k-ary n-cubes are a very popular family of topologies that
are well supported by SWORDFISH, other topologies like
trees or even highly irregular topologies can be simulated.
Dynamically changing the topology is supported as a
means to model link and node faults.

Another feature unique to SWORDFISH is the execu-
tion-driven approach which leverages the popular MPI
(message passing interface) standard ([15]). This approach
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Figure 1:SWORDFISH hardware model
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makes it easy to verify results from simulation runs against
real networks (see Section 3). Also, users that are familiar
with the SPMD paradigm of parallel programming and
message passing find it easy to develop workload applets.
In addition to the simulator itself, several tools and interfac-
es have been developed to be able to analyze the results of
simulator runs as well as to provide for interactive simula-
tion with a GUI. All input and output is organized as XML
or HTML allowing integration with other tools. The includ-
ed topology generation tool is especially useful when work-
ing with large scale networks.

Since qualified design decisions should be enabled for
larger networks, special care was taken to leave the simula-
tion on an abstraction level high enough for high-speed
simulation while also taking care to program the simulator
as an efficient C++ application. Flexibility is guaranteed by
the component and plug-in based architecture of SWORD-
FISH. Together with the afore mentioned features, simula-
tions of different scenarios can be achieved in a user-
friendly way.

The remaining paper is organized as follows. Section 2
describes the SWORDFISH design. Section 3 presents first
results from the SWORDFISH project. Finally a conclusion
is drawn and an outlook presented.

2 SWORDFISH DESIGN

Figure 1 depicts the basic hardware model from which
the SWORDFISH simulation model has been derived. Each
node includes a crossbar as switching element. An arbitrary
number of Linkports connect the node to other nodes of the
interconnection network (IN). On the other side a number
of ports connect the crossbar to the host. Each of these host-
ports (i.e. ports connecting the computing resources to the
network) can be used by software to inject or extract mes-
sages to respectively from the network. Most of the func-
tionality is based on plug-ins, which may be selected at run-
time. The plug-in approach also enables plug-ins that model
specific parts of a system in great detail, even down to a de-
scription of individual hardware components using Sys-
temC ([16]).

The simulation core consists of objects for hostports
and linkports, for the associated buffers and arbiters. The
most important parts of these are the different buffer ob-
jects. There are six plug-in interfaces actually implement-
ed, each for a different task. These are the
SimulationController interface (for user interfaces in a gen-
eral sense), the TrafficController interface (for traffic pat-
terns), the Statistic interface (for statistical analysis), the
Router interface (for routing algorithms), the LinkArbiter
interface and the Arbiter interface (for arbitration algo-
rithms).

All parametrization and input configuration for core
functionality and plug-ins is done using XML files enabling
editing as plain-text as well as more sophisticated methods
involving XML tools. Some of the parameters are node de-
gree, link throughput, switch delay, link delay, host-inter-
face start-up delay and many more. Output can be
generated as HTML report. Topologies are also described
in XML files. While it is possible to write a topology file by
hand, the included topology generation tool is much more
convenient. The topology generation tool only supports
regular topologies, but irregular topologies can for example
be derived from a regular topology by removing links. Us-
ing a mapping file, it is further possible to specify which
workload applet should be executed on which node. The in-
dividual parts of the system are described in the following
paragraphs; first the network core components and then the
rest of the system components.
Simulation kernel and event processing. Events are
stored in the central event queue. The simulate function re-
moves events and calls the dispatch method of the event ob-
ject. This method in turn calls the event processing function
either of a buffer object or a different plug-in (Figure 2).
The processing function can generate new events that are
passed back to the event queue. Once the operation is com-
pleted, registered notification functions are called. Such a
function is for example useful to gather simulation output
data every time a packet is delivered or any other event hap-
pened.



Figure 2:Simulation kernel
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Buffers. Several buffer classes implement buffering at the
point messages enter or leave the network, as well as on in-
termediate steps.
Arbiter and Link Arbiter. The arbiter plug-in interfaces
for (main) arbiters and link arbiters share the same parent
interface Arbiter. The arbiter is the core of the switching
simulation as it selects which packet or parts of packets
(flow control units, flits) may progress through the current
node. The link arbiter can be used to multiplex several vir-
tual channels on one link. In addition to the core function-
ality some utility functions are also available. There are two
arbiter plug-ins for linkports and one main arbiter currently
included. For the linkports these are FIFO and Round-Rob-
in, for the main arbiter only FIFO is available.
Hostport and Linkport. A hostport consists of a number
of buffers for injection and ejection. If those buffers ever
get full, blocking occurs. Linkports are a little more compli-
cated and include a link arbiter in addition to the buffers.
Figure 3 depicts the logical relationship of the different
buffers, ports and arbiters in one node of a network. These
components make up the core of the network simulation.
Router. The router interface provides for the inclusion of
routing algorithms. In order to give the plug-in the chance
to create its routing table at the very beginning, the interface
enables the routing plug-in to calculate its routing table be-
fore simulation commences. With every change of the to-
pology (notably the removal and addition of nodes or links
at runtime) an update of the routing is requested. The router
plug-in must also provide the functionality to check for a
valid route between two endpoints and provide the simula-
tion core with a routing vector describing the source path
route a particular message should take through the network.
Current implementations of the arbiter only support source-
path routing. In the future an arbiter supporting for example
table based routing will enable different routing schemes
for SWORDFISH. In this case the router component has to
deliver the necessary information to the arbiter and the
source path vector passed on to the TrafficController be-
comes an endpoint address to be interpreted by the arbiters.

Several different routing plug-ins are currently imple-
mented. The first one, called dijkstra, implements the
Shortest Path Algorithm by Dijkstra ([17]). As a side effect,
the plug-in also covers dimension order routing if applied
on regular meshes as produced by the topology generator
script. Three other routing algorithms are first a slightly dif-
ferent implementation of the Dijkstra Shortest Path Algo-
rithm, second a version of Up*/Down*-Routing([18]) and
third West-First Routing ([19]). Finally there are different
variants of deterministic routing algorithms that use virtual
channels to provide deadlock freedom respectively to im-
prove network behavior, for example the algorithm pro-
posed by Dally and Seitz in their classic paper ([20]).
Simulation Controller. The simulation controller interface
provides the possibility to develop interactive user interfac-
es for SWORDFISH. Such plug-ins are capable to suspend
and resume the simulation loop at any time, also enabling
breakpoints. A simulation controller may change global
network state through the use of the core object hierarchy.
This can be used for example to deactivate links or nodes in
the midst of a running simulation, thus enabling the simu-
lation of network faults. Currently, three controller plug-ins
have been implemented. The dummy simulation controller
module runs with no user interaction at all, but has the abil-
ity to terminate the simulation loop at a certain time (con-
figurable through the XML scenario input file). Obviously
this controller is most useful for batch like simulator runs.
The console simulation controller extends the dummy con-
troller with the ability to suspend the simulation loop using
CTRL-C. Then the controller enters a console mode where
the user can request some actions like setting a breakpoint
or checking the current simulation time. The GUI plug-in is
an example for a graphical user interface for SWORDFISH
and is built using the Qt library (available from www.troll-
tech.no). The GUI is able to visualize 2-dimensional mesh-
es and tori and to display the current state of the buffers and
arbiters of the network. Other topologies are currently not
supported by this plug-in, mainly due to difficulties design-
ing an appropriate visualization of such a network. It is also



Figure 3:Logical view of network core elements
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able to control the simulation speed and to run the simula-
tion in single step mode. An additional feature is the possi-
bility to disable and re-enable links in order to interactively
simulate network faults. Figure 4 shows a screenshot of the
GUI plugin.

Statistic. The statistic interface enables the generation of
plug-ins collecting network runtime informations, evaluat-
ing them and finally providing the user with reports about
the simulation run. Statistic plug-ins can collect very de-
tailed data about every individual packet if they wish. In-
cluded is also the possibility to take snapshots of the
network state which can be useful for a plug-in, for example
a graphical user interface for SWORDFISH, which is im-
plementing both the statistical interface as well as the sim-
ulation controller interface. All gathering of information is
based on the ability of the plug-in to register itself for
events. At the end of the simulation run the plugin can proc-
ess and write-back the collected data. Currently two statis-
tic plug-ins are available. The basic statistic plug-in writes
general output to the console. The HTML statistic plug-in
collects detailed information about every port and connec-

tion of the network and shows the development of some sta-
tistical figures over the simulation time. For performing this
task the plug-in takes snapshots of the network state and
stores them until the end of simulation (Figure 5).

Traffic Controller. The traffic controller interface is re-
sponsible for the complete user part of the communication
model, i.e. the injection of packets into the network hard-
ware and the reception of the packets from the hardware.
The interface contains only a few methods, but these meth-
ods are powerful enough to simulate any traffic pattern
SWORDFISH comes with one traffic controller plug-in,
implementing an MPI-like API for user programs. The user
writes a normal C(++) program using the defined API
which becomes a simulation applet. The user code is then
compiled into a shared library object using the standard C
Compiler. The traffic controller plug-in opens such an ob-
ject file upon start of the simulation and then spawns a
thread for each virtual process taking part in the simulation.
This module was designed to spawn and handle very large
amounts of threads and therefore many simulated process-
es. In test scenarios under Linux the maximum amount of

Figure 4: 2-D GUI plug-in
Figure 5: HTML Statistics



Figure 6:ATOLL vs. SWORDFISH timing results
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spawned threads was more than 50000 (Linux 2.6 and Na-
tive Posix Threads Library, NPTL [21]).

A big advantage of the API and the approach of writing
normal programs with a main() function for defining traffic
patterns is the relative ease to execute the programs on real
networks using MPI like libraries. The only adjustment is to
map the API functions to functions available for the physi-
cal network. Conversion of programs to use MPI is very
straight forward and it is equally simple to port programs to
other message passing APIs. The functions included into
the API are summarized in Table 1. Readers familiar with
MPI-1 message-passing will recognize the close relation-
ship to real message passing libraries (though only a subset
of functions is available in comparison with a full-blown
MPI-1 implementations). If desired, it is easy to extend this
interface to support more communication functions, like for
example collective operations.

Topology generation. A topology generation script called
create_topology.py has been developed, creating
XML topology files as used in the scenario files. The gen-
erator is implemented in Python([22]) and supports regular
meshes, tori and hypercubes. It writes the output XML file
to the console. Currently, other topologies have to be en-

tered by hand or derived from regular topologies generated
with the generator.

3 FIRST RESULTS

In a first evaluation of the simulator, the results that
were forecast by simulation, have been verified with a real
network, in this instance the ATOLL network.

First, buffer sizes of the simulator configuration were
chosen to match the buffers of ATOLL. Next, the timing
parameters had to be specified. The switching delay ts and
the forwarding delay tf were taken from the ATOLL refer-
ence documentation. The offset and variable part of the
time for message injection and removal were taken from
measurements on an actual system featuring ATOLL
([23]). The measurement was performed using the Time
Stamp Counter of the processor and converted into IN clock
ticks (the time measurement unit of SWORDFISH). Then
two MPI programs were written. One performed a simple
ping-pong on two nodes and the other a ring round-trip on
four nodes. This program was ported to the SWORDFISH
API. Then these programs were run both on the real net-
work and on the simulator. All programs performed 1000
iterations with packet sizes ranging from 1 to 8192 flits. On
the real system the measurement was repeated 10 times and
the minimum time was chosen for the analysis to account
for preemption, interrupts and other causes of timing errors.
The result of these tests are shown in Figure 6.

The simulation results show a very close accordance
with the real network. Overall, they did not deviate more
than 3% from the measured values. Unfortunately, no tests
with larger configurations were possible because of the lack
of a larger network.

Currently SWORDFISH is actively used to explore the
design space of a new IN. Parameters that have been in-
spected include buffer sizes, flow control implementation,
routing algorithms and impact of virtual channels.

Function name Description

Init/Finish Initialize and finalize system

Size/Rank Return number of processors/return
number of own processor

Time/ConsumeTime Return current simulation
time/model computational time

Send Send a message/packet

Recv/RecvFrom/RecvTag Receive a message/packet

Probe/ProbeFrom/ProbeTag Check for new message(s)

Table 1: SWORDFISH workload API



4 CONCLUSION AND OUTLOOK

SWORDFISH makes up a perfect tool for the design
space exploration of INs. The different features of
SWORDFISH that have been presented in this paper are
specifically designed for this purpose. Execution-driven
simulation enables sophisticated workload modelling. The
plug-in system allows for flexible simulation and using
XML as a standard format makes it easy to develop scripts
(e.g. in Python) to control and manage a large amount of
simulation scenarios. SWORDFISH has already been used
to explore the design space of interconnection networks and
will provide the means for further insights into this area of
interest. Very large configurations of ATOLL and im-
proved networks have been simulated. The possibility to in-
clude SystemC models of hardware modules enables a
mixed abstraction layer simulation and verification of these
modules in the context of a larger system. This has already
been used to integrate a hardware based barrier network
into the SAN. Though this has proven to be useful, more
work has to be spent to further advance this method mostly
in terms of better interfacing as well as performance opti-
mizations.

While SWORDFISH has been primarily developed to
analyze source-path routed networks, the next steps will
broaden this to handle non source-path routing. Also, the
support for networks with a more centralized switching re-
source will be significantly improved. Once these improve-
ments are done, analysis and comparisons of a range of
current high-performance networks as used in cluster com-
puting becomes possible and will be interesting to conduct.
Again, emphasize will be on large configurations.
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