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Abstract—This work is devoted to Universal On-Chip
Network Simulator (UOCNS) for Network-on-Chip (NoC)
development. The principle of the topological approach in NoC
design was analyzed. A review of high-level NoC simulators was
done. A complete analysis of the structure of UOCNS and its
main components was carried out, as well as it was tested on
different topologies. A comparison of the simulation results of the
same network in UOCNS and in other simulators was made, and
the correctness of the model was confirmed.
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L. INTRODUCTION

Uniprocessor systems cannot cope with tasks requiring
high computational performance and are inefficient when
dealing with large data streams. Therefore, due to the constant
growth of the processed information and the increase in the
complexity of the tasks being solved, there is a tendency to an
increase in the number of processor cores and various
peripheral modules within one device. For example, Cerebras
has developed a WSE2 chip which consists of 850,000 cores
[1], and progress in the design of multi-core systems continues.

For the design of complex multicore systems, it is possible
to use architectural solutions from the field of NoCs. The
process of NoC design can be divided into 6 main sequential
stages: preparation of technical specifications, design, high-
level modeling, low-level modeling, prototyping or
cosimulation, production stage.

The high-level modeling stage makes it possible to select a
limited number of sets of parameters and network
characteristics suitable for the further design selected at the
NoC design stage. In high-level modeling, it is worth
considering many network parameters the most important of
which is NoC topology. It is the network topology that largely
determines the efficiency of the device as a whole.

Existing models generally support a limited number of
topologies which significantly limits their applicability to
arbitrary topologies. Out of more than 100 high-level models,
only 22% of models support arbitrary topologies, according to
our survey [2]. In this regard, there is a need to analyze and
refine existing high-level models capable to calculate
parameters for networks with arbitrary topologies.

II.  TOPOLOGICAL APPROACH TO NOC DESIGN

When designing NoCs, the method of connecting processor
cores and peripheral devices of the network (or its topology) is
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of great importance [3]. Mostly, topologies can be divided into
two types: irregular and regular.

Irregular topologies are described by either a list or an
adjacency matrix. To transfer data from node to node in such
networks, either broadcasting or a special table (contained in
the router) that specifies to which node a packet with data
should be sent to reach its destination is normally used. As the
number of nodes increases, so does the memory occupied by
the table in the routers. It is also worth noting that due to the
irregularity of the structure, this table will be individual for
each network node.

It appears from the above that the design of irregular
topologies is a complex and resource-intensive process. These
topologies are typically used in systems with few nodes or in
systems where the load is unevenly distributed between IP
blocks.

Regular topologies are based on some kind of regular
structure, for example, circulant [4]. Such topologies, due to
their regular structure, usually have simple routing algorithms
and are easily synthesized. The most popular topology for NoC
design is mesh topology [5]; as well as based on it torus [6], or
WK-recursive [7]. WSE2 cores are connected using mesh

topology [8].

Mesh topologies allow the use of simple routing algorithms
and are highly reliable in contrast to hierarchical and tree
topologies (fat-tree [9], butterfly [10], etc.) in which the failure
of communication between two nodes can lead to the loss of
functionality of the entire network. But, unfortunately, with all
their advantages, mesh-based topologies have a significant
drawback — poor scalability and the dependence of their
characteristics on the geometric shape.

Circulant topologies, having no scaling problem, are the
most promising regular topologies for use in NoCs. Topologies
of this type are easily scalable and have a regular structure that
allows the use of deterministic algorithms for transferring data
between nodes. It should be noted that due to the variety of
circulant topologies, there is a need to find optimal circulants
and to develop optimal adaptive routing algorithms for these
circulants.

III. REVIEW OF NOoC HIGH-LEVEL SIMULATORS

High-level models allow for some simplifications and
description in high-level languages which can lead to
discrepancies between the simulation results and real data, but
modeling is much faster compared to low-level models.
According to [11], high-level network simulation for 100 nodes
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in the high-level OCNS takes a few minutes while low-level
simulation of the same network in a low-level simulator
Netmaker [12] takes several days. This feature makes it
possible to use high-level simulators for the initial selection of
topology parameters for further modeling on a low-level
simulator.

Currently, there are many high-level solutions in the field
of NoC modeling. Among them, the BookSim simulator [13]
(a console application developed in C ++ and designed to run
on UNIX-like systems) can be distinguished.

The program allows configuring the following parameters
using the configuration file [14]: topology type (mesh,
cmesh [15], torus, butterfly, flattened butterfly [16], fat tree,
quad tree [17]) and the number of nodes; routing algorithm
(different set for different topologies); number, buffer size, and
method of allocating virtual channels; router architecture; data
packet size, packet rate, and type of traffic distribution;
duration of the simulation period and the total number of
periods.

According to the specified parameters, the model calculates
the following characteristics: network latency, packet delivery
time, and flit delivery time; the size of sent and received
packets; rate of generation and reception of packets; rate of
generation and reception of flits; the number of transit sections
of the packet; simulation run time.

The results are output to the console but can be redirected
to a text file.

It should be noted that the model is open source code [14]
and can be modified (for example, to work with other types of
topologies).

Another model, Noxim, is open source code [18] which
allows making changes to the program.

The model allows setting various parameters, including:
network topology; routing algorithm; buffer size; the number
of virtual channels; packet size and type of traffic distribution;
power consumption parameters.

According to the specified parameters, the model calculates
a number of characteristics, including: throughput; network
latency; the number of received packets and flits; energy
consumed by the system.

One of the independent modifications of the model is
Newxim [19]. This version of the program adds support for
circulant topologies and specialized routing algorithms. When
modifying the model, the code was also refactored.

Another simulator to be considered is TOPAZ [20]
developed in the C ++ language. The program allows
configuring the following parameters: topology type (mostly
Mesh type); routing algorithm; traffic distribution type; buffer
size and the number of router ports; the size of packets and
flits.

The simulator calculates the following NoC characteristics:
throughput and network latency; data packet sending rate; data
packet processing rate; metrics of network connection
utilization.

Like the models already considered, TOPAZ is open
source [21].

Another simulator, gpNoCsim, is of great interest [22]. It
supports the launch of such topologies as mesh, torus. The
gpNoCsim++ modification [23] added support for
WK-recursive [7]. The disadvantage of this simulator is the
support of a limited number of routing algorithms, high
complexity of modification, manual generation of a file with
the input parameters of the model.

The development of gpNOCSim is OCNS. In this
simulator, the modules for network formation and topology
construction were reworked; it allowed specifying any
topology with a description in the form of an incidence table.
Routing in this simulator is done using routing tables.
Currently, OCNS has received another development called
UOCNS [24], where support for circulant topologies and
routing algorithms appeared. Also, this simulator has a server
version of UOCNS-SE which allows running the model on
remote computing power.

IV. UOCNS MODEL

This section provides a detailed description of the internal
structure of the simulator program, input parameters, calculated
characteristics, and features of the model.

A.  Structure of model program

To implement the UOCNS model, the Java language was
used and the principles of object-oriented programming were
applied. The source code of the program consists of a large
number of components that play the role of various NoC
elements. Fig. 1 shows a diagram of the relationships between
the main logical parts of the simulator. To improve the
perception, only the most important classes are shown, but the
program also contains other less important classes and
interfaces.
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Fig. 1. UML diagram of UOCNS.
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In the diagram, the component which is responsible for
representing the data transmitted over the network and which
describes flies, packets, and traffic in general is highlighted in
green. The component marked in red is responsible for the
operation of compute nodes and routers. The yellow in the
figure denotes the controller managing the simulation process
and calculating characteristics of NoC under study. The
generator of configuration files is highlighted in purple, and
various auxiliary utilities are highlighted in blue. The
component which contains the entry point to the program and
which is responsible for the elements of the graphical interface
and interaction with them is marked in orange.

B. Configurable parameters

The model allows setting the following NoC parameters:
topology (mesh, torus, circulant, optimal circulant); topology
arguments (number of nodes vertically and horizontally for
mesh and torus topologies; total number of nodes, step of the
smaller generator and step of the larger generator for the
circulant topology; total number of nodes for optimal circulant
topology); routing algorithm (XY algorithm for mesh and torus
topologies; Dijkstra’s algorithm, Clockwise routing algorithm
or adaptive algorithm for circulant and optimal circulant
topologies) [25]; the number of virtual channels; the size of the
buffer of virtual channel (flits); fleet size (bits); the average
packet length (flits); fixed packet size (yes / no); the average
period for generating packets (cycles); the number of packets
received at which the simulation ends; the number of packets
received at which the warm-up completes; the number of
simulator runs.

To generate a configuration file, the program (according to
topology data, topology arguments, and routing algorithm)
forms a node connection table and a routing table.

To consider the structure of routing tables, it is necessary to
understand that each computational node contains a certain
number of ports numbered in a certain way depending on the
topology as shown in Fig. 2.

mesh

circulant

torus

Fig. 2. Accepted numbering of ports of compute nodes.

The connection table describes the connections between
node ports. Rows correspond to NoC nodes, columns - to node
ports. The value in the cell is the number of the node to which
the node specified in the row is connected using the port
specified in the port column.

Table 1 shows an example of a table of node connection for
circulant € (7; 1,2).

The routing table describes the links between NoC nodes.
The value in the cell shows which node the packet should be
sent to in order to deliver it from the node specified in the row

to the node specified in the column. Table 2 shows an example
of a routing table of circulant £(7; 1,2).

TABLE L TABLE OF NODE CONNECTION FOR CIRCULANT C{7; 1,2}
Node Node port number
number 0 1 2 3
0 1 2 5 6
1 2 3 6 0
2 3 4 0 1
3 4 5 1 2
4 5 6 2 3
5 6 0 3 4
6 0 1 4 5

Fig. 3 shows the circulant which corresponds to Table 1.

3%0
0 /2|1\\ 3
IP[6]1 P A— 2[1]IP
3[2 110
0 |4 2
P[5 |— = 12]P
2 1
1] 2 12
4 3
0ii513 053

Fig. 3. Circulant £(7; 1,2).

TABLE II. THE ROUTING TABLE FOR CIRCULANT C(7; 1.2}
Source node Destination node number
number 0| 1 2 |3 | 4|5 |6
0 4 0 1 0 1 2 3
1 3 4 0 1 0 1 2
2 2 3 4 0 1 0 1
3 1 2 3 4 0 1 0
4 0 1 2 3 4 0 1
5 1 0 1 2 3 4 0
6 0 1 0 1 2 3 4

After generating the node connection table and the routing
table, it becomes possible to generate a configuration file
(example in Fig. 4).
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<?xml version="1.0" encoding="150-8859-1"?>
- <TaskOCNS Description="Mesh-(2, 2)"
xmins:xsi="http:/ /www.w3.0rg/2001/XMLSchema-instance"
xmins:xsd="http://www.w3.0rqg/2001/XMLSchema">
<Network>
<Netlist>-121-103-1-1-1-1302-1-11 </Netlist>
<Routing>4211041133423304 </Routing>
- <link>
<Parameter FifoSize="4"/>
<Parameter FifoCount="4"/>
</Link>
</Network:>
- <Traffic>
<Parameter FlitSize="32"/>
<Parameter PacketSizeAvg="10"/>
<Parameter PacketSizelsFixed="true"/>
<Parameter PacketPeriodAvg="5"/>
</Traffic>
- <Simulation>
<Parameter CountRun="1"/>
<Parameter CountPacketRx="1100"/>
<Parameter CountPacketRxWarmUp="100"/>
<Parameter [sModeGALS="false"/>
</Simulation:>
</TaskOCNS >

Fig. 4. Example of a configuration file.

C. Calculated characteristics

The file with the obtained simulation results contains the
following data: simulation time (cycles); number of packets
sent; number of packets received; number of packet generation
errors; packet generation rate (packets / cycles); flit generation
rate (flits / cycles / cores); flit sending rate (flits / cycles /
cores); packet delivery time (cycles); number of packet hops;
network throughput (flits / cycles); router throughput (flits /
cycles); load of receiving node buffers (%); load of
transmitting node buffers (%); load of receiving router buffers
(%); load of transmitting router buffers (%); load of network
buffers (%); load of physical network channels (%).

A wide range of characteristics measured by the model
allows getting a fairly accurate idea of the efficiency of the
NoC configuration under study.

D. Features of model

One of the differences in the model lies in the presence of a
graphical interface since most of the existing simulators are
console applications. The graphical interface allows various
simulation settings, monitoring the simulation progress, as well
as displaying the results. But there is also the possibility of
working with the program in console mode. In this case, the
simulation parameters are passed as command line arguments.

Another UOCNS feature is the ability to use a custom
configuration file for modeling instead of generating a
configuration file by the program which allows simulating any
NoC topology, including irregular ones.

An important advantage of the program is the built-in
mechanism for automatic repeated simulation with a change in
the period of packet generation during the transition to the next
iteration of the simulation. This approach makes it possible to
find a NoC saturation point which, in turn, makes it possible to
determine the most optimal NoC configurations of those under
study.
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V. UOCNS TESTING

To confirm the correctness of the model, a number of
simulations of various topologies supported by the simulator
were carried out, as well as a comparison of the calculated
characteristics with the results of the operation of other existing
NoC models was made.

A. Modeling Mesh NoC topology

During testing, NoC simulation was carried out, and the

parameters were as follows:
e  Mesh topology, 8 nodes wide, 8 nodes long.
[ ]

Mesh topology, 4 nodes wide, 16 nodes long.

The results are shown in Fig. 5.
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Fig. 5. Comparison results of Mesh NoC topologies.

According to the graph, the optimal shape for mesh
topology is square which is consistent with NoC theory.

B.  Modeling Torus NoC topology

To check the work of the program when modeling torus
NoC topology, characteristics of NoC of the same size as in the
study of mesh topology were calculated. The measurement
results are shown in Fig. 6.
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Fig. 6. Comparison results of Torus NoC topologies.

The obtained result shows that the square-shaped torus has
better characteristics.

C. Modeling circulant NoC topology

When testing the model, a comparison of the performances
of the circulant and the optimal circulant with the same number
of nodes was made. The result is given in Fig. 7; it shows the
presence of a small gain in packet transmission time when
using optimal circulants.
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D. Comparison of different NoC topologies

A comparison of NoC performance was made, and the
parameters were as follows:

e  Mesh topology, 8 nodes wide, 8 nodes long.
e Torus topology, 8 knots wide, 8 knots long.
e  Circulant topology, 64 nodes, generators are 5 and 6.

The result (Fig. 8) shows that mesh topology is the least
productive, and the circulant topology is slightly superior to the
torus.
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Fig. 8. Comparison results of different NoC topologies.

E.  Comparison of UOCNS with other simulators

To assess the correctness of values of characteristics
measured by the model, a comparison of the results obtained
by UOCNS, BookSim, and Newxim when modeling mesh
NoC topology (8 nodes long, 8 nodes wide) was made.

Fig. 9 shows the approximate equality of obtained
dependences of the network throughput on the frequency of flit
generation. The existing differences can be explained by the
features of performing calculations in simulators, as well as by
the presence of unique parameters for each of the models.
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Fig. 9. Performance comparison of simulators.
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The article examines the principle of the topological
approach in NoC design. It was shown that topology has a
large impact on network performance. A review of high-level
NoC simulators was done, and all the main characteristics of
simulators were considered. A complete analysis of UOCNS
performance and its main components was carried out.

CONCLUSIONS

UOCNS operability check was carried out, and the results
correspond to NoC theory and are comparable with the
performance of other simulators; so, the correctness of the
UOCNS operation was confirmed. Also, the simulation results
showed the advantages of circulant topology in NoC design.
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