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Abstract --A new chip design paradigm called Network on Chip (NOC) offers a promising
architectural choice for future systems on chips. NOC architectures offer a packet switched
communication among functional cores on the chip. NOC architectures also apply concepts
from computer networks and organize on-chip communication among cores in layers similar
to OSlI reference model. We constructed a protomodel using a public domain network simulator
ns-2 and evaluated design options for a specific NOC architecture which has a two-
dimensional mesh of switches. In particular, we analysed the series of simulation results about
the relationship between buffer size in switch, communication load, packet delay and packet
drop probability. All the results are useful for design of an appropriate switch for the NOC.

[. INTRODUCTION

Moore's law predicts that by 2008, it will be possible to integrate over a billion transistors on a
single chip. Current core based on SOC methodologies will not respond to the needs of the
billion transistor era. Network on Chip (NOC), a new chip design paradigm concurrently
proposed by many research groups[1],[2],[3] is expected to be an important architectural
choice for future SOCs. The proposed NOC architectures offer a general but fixed
communication platform which can be reused for a large number of SOC designs. A concept
of computer network in layers based on the classical OSI reference model is used by all of
proposed NOC architectures. We predict that NOC architecture would facilitate reuse at
various levels of system design, thus reducing the time to design and test.

However, NOC research is still in its infancy. A higher-level modelling will give us the
insight of knowing more about its architecture. We would use the tool, Network Simulstor

21 [4],[5] which has been extensively used in the research for design and evaluation of public
domain computer network, to evaluate various design options for NOC architecture, including
the design of router, communication protocol, routing algorithms.

This paper reports some experimental results based on the simulation of NO@skrig
the following, we give a brief overview of our NOC architecture and introductiomst@ In
section II, we describe how various aspects of our NOC architecture was modelledisiing
Section Il gives a description for our simulation experiment, and in section IV some
experimental results and corresponding analyses are presented. Finally, we draw some
conclusions in section V.

A. Overview of Our NOC Architecture

Our NOC is a scalable packet switched communication platform for single chip systems. The
NOC architecture consists ofrax n  mesh of switches together with some resources which are
placed on slots formed by the switches. Figure 1 shows a NOC architecture with 16 resources.
Each switch is connected to four neighboring switches and one resource. Resources are

1. Nsis a simulation tool developed by the Network Research Group at the Lawrence Berkeley National Laboratory.
Ns-2 or ns version 2 uses MIT's Object Tcl instead of previous Tcl.



heterogeneous. A resource can be a processor core, a memory block, an FPGA, a custom
hardware block or any other intellectual property (IP) block, which fits into the available slot
and complies with the interface with the NOC switch. We assume switches in NOC have
buffers to manage data traffic. Figure 2 shows the internal organization of a typical
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Figure 1: A4x 4 NOC architecture Figure 2: A NOC switch

switch. Every resource has a unique address and is connected to a switch in the network via a
resource network interface (RNI). The NOC platform defines four protocol lagrershysical
layer, the data link layerthe network layerandthe transport layerThe RNI implements all
the four layers, whereas every switch to switch interface implements the three of four layers
except physical layer.

The NOC architecture also has a concept of region. A region allows us to handle physically
larger resources and can be used to provide fault tolerance[3]. For our evaluation purposes, we
assume a homogeneous NOC architecture, without any region.
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B. Network Simulator Ns-2
The simulatorns-2, has facilities to describe network topology, network protocols, routing
algorithms and communication traffic generation. It provides basic TCP and UDP as the
network transmission protocols, four routing strategies (Static, Session, Dynamic and Manual)
and many mechanisms for modelling traffic generation. It is possible to generate a traffic at
random, by burst or with bias towards destinations. Additionally, the simulator has the
possibility of incorporating protocols, routing algorithms and traffic generation defined by the
user.

The simulator is written in C++ and uses OTcl (Object Tool Command Language) for
building command and configuration interfaces. The source cods-&is also available[5].
Ns-2 provides well documented trace format for interpreting simulation results. A graphical
animator toolnam (Network AniMator)is also built intons-2for user's friendly visualization
of the flow of messages and the whole system simulated.

In this paper, a generic NOC architecture would be modelled and simulatsewith only
built-in options. Tcl is used for specifying the NOC simulation model and running the
simulation.

[I. MODELLING NOC ARCHITECTURE

The overall NOC simulation model (NOC-S thereafter) consists of four pgapsiogy traffic
generatorsimulaton controlleandrecorder/monitoras shownin figure 3.



The Topology A s5x5 two-dimen-
sional mesh topology was modelled an| —

simulated. This topology is easily scale: w »
Reconder/ umulation
+.’Munimr

to different sizes. We don't distinguist Topology
among resources except that different r m
sources have their unigue communicatic| ~__ -
addresses. Each resource connects witl
switch through a RNI. Resources ana
switches are also treated similarly except Figure 3: The NOC simulation model

that a traffic generator can be attached to

a resource. Switch, resource and link

are three basic elements in the topology. We assume that the buffer size in each resource is
infinite but finite in switches. This implies that the packet being dropped cannot happen in
resources but only take place in switches. There are two types of links in NG®HSh-to-

switch and switch-to-resourceAn inter-communication path is composed of a set of links
identified by the routing strategy. Link delay and maximal bandwidth are two architecture
parameters for modelling links. All these topology parameters can be described as a script file
in Tcl. A part of thens-2script file [6], [7] about constructing the topology is shown below.

——~
Result

Cominunication Requirement

# Set default values for topology construction
set max_bandwidth 200Mb ;# the maximal link bandwidth
set buffSize 8 ;# buffer size in each switch
set linkDelay  0.1ms ;# delay on each link
setnn 25 ;# total number of source/switch nodes
# Create a simulator object
set Nocns [new Simulator]
# Create 25 resource nodes represented by different marks
for {set i 0} {$i < $nn} {incr i} {
set r($i) [$Nocns node]
$r($i) shape square
set n($i) [$Nocns node] }
# Create links row-by-row
for {set j 0} {$j < $x} {incr j} {
set id [expr $j*$x]
for {set i 0} {$i < [expr $x-1]} {incr i} {
# define a link through setting duplex link, maximal link bandwidth,
# link delay and queue management machenism with DropTail
$Nocns duplex-link $r([expr $id+$i]) $r([expr $id+$i+1])
$max_bandwidth $linkDelay DropTail

The Traffic Generator:is used for specifying a special communication scenario (to be
introduced later) for our evaluation purpose, including the selection of traffic source-sink pairs,
the traffic source behavior (e.g., telnet, ftp, or traffic On/Off by exponential distribution), the
rate of traffic generation.

The Simulation Controller:helps to control the simulation period by generating appropriate
events. Simulation control also helps in selecting a subset of switches for monitoring and
tracing. It can also help to control other aspects of a simulation.

The Recorder/Monitor:is required for dynamically and instantaneously collecting useful
simulation result.



[ll. SIMULATION EXPERIMENT

For evaluation of performance, we define a communication scenario in which many traffic
source-sink pairs are selected randomly and are concurrently active. The principle of
communication locality was assumed that the shorter the distance between a traffic pair, the
higher the probability that traffic takes place between them. We assume that 75% of traffic
takes place between neighbor resources and 25% traffic is uniformly distributed among the
rest.

Each traffic source was attached to a traffic generator. When the 8U&RT triggers a
simulation, every source starts to generate packets with the behavior defined by the attached
traffic generator. A traffic generator with the behavior exponential On/Off distribution was
adopted. Itis mainly defined through three parameters, burst time, idle time and real traffic rate.
The real traffic rate determines the total number of packets generated on the network within a
unit time. The static routing strategy was used in each switch. A shortest communication path
have been selected for each traffic pair before a simulation starts. Drop-tail of queue
management mechanism which maintains exact FIFO queue management was used. It implies
that the buffer size is a crucial parameter and it interacts with other performance parameters,
such as drop probability, buffer utilization, and packet delay. The buffer sizes in the range of 1
packet to 8K packets were used in the simulation. We assumed a packet size of 8 bytes and
maximal link bandwidth of 200 Mbits/s in our experiments. Two parametersmunication
load andpacket delayare defined for our evaluation of performance.

A. Communication Load
We define communication load(,. )asameasure of average traffic in the network. Itis given

bY Lyoc = Lrea/Luax WhereLpc,, andy,,., are the real network load and the maximal

network load, which can be expressed as
2NImk

I-REAL: z (Narrival)i
i=1
_ T t -T tart
Lmax = (—E;%<2F':)_B\,_S\,f;‘xx2’\'|ink
respectively.N,,, represents the total number of links in the topology and two times means
each link is a duplex link(N,,.,.); Is the total number of packets which are received by
someone sink node from the beginning of simulation to the end. It is obviousthat depends

on the real traffic rate. The cross-reference between real traffic rate and communication load
implemented in our experiments is listed in the first two columns of table 1.

Real traffic rate Communication load Boundary buffer size
(unit: Mbits/s) (<=1) (unit: pkts)
190 0.5448 >8192
150 0.4342 >8192
120 0.3563 7800
100 0.3020 8
80 0.2410 2

Table 1: Cross-reference between real traffic rate, communication load and boundary buffer size

B. Packet Delay
Packet delay equals to the time taken by a packet to go through a communication path from its
source to its intended sink. It can be given by



Gdelay = (m+1)x (Dt + DI) + z (Dq)i
i=1
wherem is the number of hops. As shown in figurddansfer(p,) refers to the delay to put a
packet on the link from a noden the Link(D, ) refers to the delay on the link, aBdqueue-

Dequeudb, ) refers tobufferdelay
in a switch. We assumed that is b
so small as to be ignored. ] P
Besides the two parameters | Glratt = st [—{On e i
mentioned above, two more else, T
drop probability and buffer utiliza-
tion were evaluated in our egri-
ments as well. The drop probability can be simply expressed as the number of packets dropped
divided by the total number of packets generated by traffic sources. Buffer utilization equals to
the average buffer size occupied by packets in a buffer divided by the buffer size.

[V. SIMULATION RESULTS

A. Drop Probability and Reasonable Buffer Size

As shown in figure 5, the drop probability decreases as the buffer size increases. Different real
traffic rates have different decreasing rates with the buffer size increasing. For higher traffic
rates which are greater or equal than 120 Mbits/s, it is not significant that the drop probability
decreases with the buffer size increasing from 4 packets to 1024 packets. It implies that the drop
probability is not sensitive to the buffer size when the buffer size is large.

Evaluating a reasonable buffer size is a crucial work for switch design. The third column of
table 1 gives out boundary values of buffer size at which no packet is dropped for different real
traffic rates. We made trade-off between buffer size and packet drop probability and got the
conclusion that the reasonable buffer size should be less or equal than 8 packets while the real
traffic rate is 100 Mbits/s or less.
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Figure 4: General communication path in NOC-S
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Figure 5: Drop Probability vs. Buffer size Figure 6: Drop probability vs. Communication load

B. Drop Probability and Communication Load

The figure 6 shows that the drop probability increases as the communication load increases
over some value of communication load. When communication load is less or equal than
0.3020, the drop probability remains zero, which means the network has a light traffic and few
packets are dropped. However, it is obvious that increasing buffer size cannot provide
significant compensation to the increasing of drop probability. We concluded that the drop
probability is more sensitive to the communication load than to the buffer size.



C. Packet Delay, Communication Load and Buffer Size
As shown in figure 7, the packet delay for five different buffer sizes are nearly 1 us when

communication load equals to 0.3020.
Itimplies that the buffer is little utilized

T ] when the communication load is low.
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V. Conclusion

A higher-level modelling and simulation is required to evaluate various options in a NOC
architecture. In this papens-2was used for carrying out some simulation experiments on the
model of NOC-S for this purpose. From the simulation results we conclude that for a load of
upto 30% a buffer size of 8 packets in each switch is sufficient to ensure zero drop probability;
drop probability is more sensitive to communication load than to buffer size; packet delay is
mainly dominated by delay in queue on the communication path. Since the results are
theoretically reasonable, we conclude that2may be used for the simulation of NOC-S for

our purpose. Adding models of actual NOC protocols and actual NOC routing algorithms to
ns-2 will lead to more useful results. However, generating message traffic synthetically,
corresponding to real applications is an important but hard open problem.
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