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ABSTRACT

AFRONOC: AN ADAPTIVE FLEXIBLE NETWORK ON
CHIP ROUTER

As the complexity of on-chip systems grows, scalability and re-configurability
becomes an important issue in both system and interconnection levels for SoC sys-
tems. Flexible and configurable architectures bring the advantage of reusability of the
same hardware in different regular topologies such as torus, mesh, tree and in custom
irregular ones. Research in NoC design points the importance of scalability, configura-
bility and flexibility of the routers and on chip interconnects. This thesis describes an
adaptive and flexible router design for all Network on Chip topologies, which can be
changed during runtime. In flexible NoCs, table updates are carried out by a central
unit, which increases complexity and area of the overall system. In AFRONOC, a re-
duced form of the link state routing is introduced for table updates so that the overall
system can set up/change the topology by itself. Hence, the proposed adaptation algo-
rithm makes the router stand-alone, that means it can adapt to the rest of the network
without help of any external or central monitoring. The proposed adaptation process
initializes the routing tables in a short time when compared with the reconfiguration
based methods. Design-time configurability is achieved in terms of the number of chan-
nels, the number of nodes in the network, buffer size of each channel and physical data
width. As a result, the router can be considered as a solution in ad-hoc NoCs for fast
prototyping, which is necessary for filling the design productivity gap in NoC design.
Area occupation of an example implementation with four I/O channels, eight bit data
width, four bit address width on a Virtex-II pro xcvp70 device is 750 slice, which is 2
per cent of the total area of the FPGA.



OZET

AFRONOC: UYARLANABILIR VE ESNEK BIR KIRMIK
USTU AG YONLENDIRICISI

Kirmik-tistii sistemlerin karmasgikligi arttikca 6lgeklendirilebilirlik ve yeniden yapi
landirilabilirlik konulari, sistem ve baglant1 diizeyinde 6nem kazanmaya baglamistir.
Esnek ve yapilandirilabilir mimariler simit (torus), ¢ark (mesh) ve agag¢ (tree) gibi
diizenli topolojilerin yanisira diizensiz ag topolojilerinde de yeniden kullanilabilirlik
acisindan avantaj saglamigtir. Kirmik-ustii Ag konusunda yapilan bir¢ok arastirma
,Olgeklendirilebilirlik, yapilandirilabilirlik ve esneklik konularinin 6neminini ortaya koy-
maktadir. Bu tez caligmasinda bir ¢ok diizenli ve diizensiz ag topolojisinde kul-
lanilabilecek uyumlu ve esnek bir ag yonlendiricisi tasarim ele almmugtir. Onerilen
yonlendirici mimarisi, tablo-tabanli bir alt yapiya dayanamaktadir, Yonlendirme ve
uyum algoritmasi olarak baglanti-durumu yonlendirmesi algoritmasinin indirgenmis ve
uyarlanmig bir tiirevini kullanmaktadir. Caligma zamanindaki topoloji degigsimlerini
destekleyecek bir altyapr ortaya koyulmas: hedeflenmistir. Onerilen uyum algoritmas
yonlendiriciye kendi bagina agin geri kalanina uyum saglayabilme 6zelligini kazandirir.
Boylece harici veya merkezi olarak agin durumunu gozleyecek bir yapiya ihtiyac duyul-
mamaktadir. Ote yandan bu uyum algoritmasiyla, yénlendiricilerin kisa siirede ilk-
lendirilmesini saglamaktadir. Ayrica kanal sayisi, agdaki diigiim sayisi, tampon biiytkligi
ve fiziksel veri yolu genisligi gibi parametrelerin degisken olarak se¢ilmesi sonucu tasarim
zamaninda yapilandirlabilirlik ve esneklik saglayacak bir yapi elde edilmistir. Xilinx
Virtex-1I pro xc2vp70 APKD iistiinde gergeklenen dort girig ¢ikig kanalli, sekiz bit veri
yoluna ve dort bit adres yoluna sahip 6rnek bir yonlendirici, bu AKPD'nin yiizde ikisi

olan 750 dilimlik(slice) alam kaplamaktadir.
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1. INTRODUCTION

With the technological level shift in manufacturing processes of integrated cir-
cuits, the complexity of circuits on a single chip has grown up rapidly. For the past
thirty years, the names of the circuits on a chip have been changed from LSI (Large
Scale Integrated Circuits) to ULSI (Ultra Large Scale Integrated Circuits) and finally
the word SoC, system-on-chip came as the hot topic in integrated circuits and systems
world. According to the Moore’s law declared in 1965, it is known that the number of
transistors on a chip would double up in almost every two years and according to ITRS
(International Technology RoadMap for Semiconductors) 2003 report [1],this grow will
go on with a slight drop in period to almost every three years. So as the complexity
of the systems on chip grows, the number of transistors and hence the computational

speed of processing elements on a chip grows.

Mainly, the on chip systems have four different topics to handle as sub-blocks,
which are computation, communication, memory and I/O modules [2]. As mentioned
above, the computation power of the chips are growing exponentially, which yields to
open the door for parallel processing applications and dictates the same speed up for
other main blocks of a SoC. For the communication infrastructures, usually single bus
based systems are used which began to be inadequate for parallel processing multi-core
SoCs. The fundamental reasons for this are, the non-negligible propagation delays on
long global bus wires, the switching power consumption on these relatively long wires,
necessity of repeaters since the voltage levels are low and hence high probability of
signal loss due to the relative increase in length of the wire. Hence, the research has

been directed to find clustered, modular and parallel solutions.

So NoC concept is proposed as a new solution to the SoC interconnection infras-

tructures due to its following advantages over traditional bus based communication: It



provides smaller clustered wires, hence wire delays are shortened and switching power
is degraded. With the pipeline fashioned transmission, the probability of data loss
and errors due to the low voltage levels is decreased. Also other important issues for
complex SoCs are scalability and modularity. The bus based systems are not suitable
for scalable systems on chips due to their static nature. Whereas NoC solutions offers

flexible, scalable and configurable infrastructure for modern SoCs.

The major elements of NoCs are routers which connects the PE (processing el-
ement) or memory blocks to the rest of the system via suitable network interfaces.
The design of routers for NoCs is challenging since they have to provide a satisfactory
level of data throughput while they have to occupy less area relative to the process-
ing elements and consume relatively small amount of total power budget of the chip.
Moreover, due to the nature of the NoCs and SoCs, they have to be flexible, scalable
and configurable. So there are a lot of work done for design of these routing elements

for the new communication infrastructure of SoCs.

In this thesis work, it is aimed to design a network on chip router, AFRONOC.
The main goals for the design are to make the router flexible, configurable and adaptive
to the changing network topologies. Like every design targeting the limited on chip
resources, the design should consume as small power as possible and occupy small area.
Under these design tasks the work done in the scope of this thesis work resulted with
a flexible and configurable NoC router. Moreover, the design provides infrastructure
for reconfigurable systems since it have a stand alone architecture without any need
of initializing from an outer central network monitoring unit. This property would be
beneficial for dynamic reconfigurable systems. In such systems, although there is a
finite amount of hardware resources, these resources are used in a time sharing manner
and virtually the amount of resources converged to infinity. For such systems there
can be topology changes of NoC system in time or some additional processing nodes

can be inserted to the system or can be vanished from the system. For such situations,



AFRONOC router provides a reasonable level of adaptability to the rest of the system.

The organization of this report is as follows: In Chapter 2, a brief information
on the SoC interconnections and the network level for NoCs are described in detail
and at the end of the chapter, some realizations from the literature are given. In
Chapter 3, the architecture of the AFRONOC router is described in detail. After that,
the proposed adaptation and routing algorithms are explained. The implementation
and some experimental results are explained in Chapter 5. Next, discussions and
some comparisons to the related work are summarized. And in the final chapter, the

conclusions and future works for the thesis are given briefly.



2. SoC INTERCONNECT AND NoC BASICS

2.1. SoC Interconnects

The increasing number of processing elements for complex, parallel or distributed
processing applications has brought the high density on-chip systems into consideration
for the VLSI world. The traditional SoC structures utilize the bus based connection
topologies due to their simplicity. However as these systems have grown rapidly and the
production technology has scaled into sub-micron processes, the requirements for on-
chip communication have changed [2], [3]. Figure 2.1, taken from [2] shows alternative

methods for SoC communication.

Memory Memory

I | | RF LLP ‘/ R
/] R

L

Keypad DSP Keypad DSP Keypad ’ DSP
(a) Bus Based Intercon- (b) Point-to-Point Con- (¢) Connection with a Net-
nect nection work

Figure 2.1. Different communication infrastructures for SoCs [2].

According to [2], since the communication tasks have turned out to be more ex-
pensive than the processing tasks for on chip systems due to the scaling of microchip
fabrication, the challenging issues for on chip communication such as power consump-
tion on relatively long wires and propagation delays of electrical signals have become
cirtical issues to be considered. The main reason is that the on chip wires do not scale
in the way the transistors do. This phenomenon is illustrated by the International

Technology Roadmap for Semiconductors 2001 report [4], as shown in Figure 2.2.
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Figure 2.2. The Relative Relation Between on-chip Wires and Gate Delays for
Different Near Future Technologies from ITRS 2001 report [4].

Figure 2.2 shows that as the gap between the relative delays of the driver gates
and the delays of global wires increases, the wire capacitances will be dominant on the
parasitic capacitances of the driver transistors as loads. The situation for local wires
is different since they can scale more with the technology comparing to the long global
wires. Moreover, the wire models for these sub-micron processes are nondeterministic
because of fabrication uncertainties, cross-talk and noise sensitivity issues [2]. As the
length of the wire grows, the probability of unreliability on the signal integrity model

mcreases.

Another important issue is the global synchronization problem. For deep sub
micron processes, the distribution of one global clock all over the large chips is a
challenging issue for the designers [2], [5]. The main reasons are, the unpredictable

behavior of clock skew and the power budget of clock-tree distribution methods.

The reusability of the designs for SoCs is a powerful tool in order to close the

design productivity gap [2],[5]. Since scaling of microchip technologies continues, every



new technology comes with problems which are special to those technologies. So in
order to catch the technology, the design times or the number of designers have to grow
up quadratically unless reuse of complex building blocks of SoCs is taken as a solution.
So, the scalable and reusable NoC infrastructures can be pointed as solutions for the

global communication of single chip systems.

Some of the introductory works about the NoCs are proposed in [6] [7], [8]. In
those proposals, the basic concepts about on chip interconnections and networks, initial
trends and motivations underlying behind the subject are represented generally. For
understanding basics of NoC research, an illustration is given in [2], which is shown in

Figure 2.3.

NoC Research

System Level Network Adapters Network Link Level

o Design Methodology e« Functionality: e Topology: regular vs. e Synchronization,
and Abstraction: co- encapsulation, irregular topologies, switch reliability, encoding.
exploration, modeling. service management. layout.

e Architecture Domain: ¢ Sockets: plugand * Protocol: routing, switching,

system composition, play, IP reuse. control schemes.

clustering,

reconfigurability. ¢ Flow Control: deadlock
avaoidance, virtual

o Traffic channels, buffering.

Characterization:

latency-critical, data- e Quality of Service: service

streams and best-effort classification and
negotiation.

e Features: error correction,
broadcast/multicast/
narrowcast, virtual wires.

Figure 2.3. The NoC research classification [2]

In the scope of this thesis, the most of the interest is zoom in on the router
architecture, that is, the network level. So before going into explanation of the pro-
posed router architecture, the network level NoC characteristics are explained briefly

in following sections.



2.2. NoC Characteristics for Network Level

2.2.1. Topology

The topology of a NoC system defines the physical connectivity of the nodes
of the network. The topology can vary according to application and communication
requirements of a SoC on which the NoC infrastructure will be realized. The topologies
can be classified into three main groups: Regular topologies, irregular topologies and
mixed topologies. In the following subsections some well known and frequently used

NoC topologies are explained.

2.2.1.1. Regular Topologies. Most of the regular NoC topologies have been derived

from the general network topologies : Grid based k-ary n-cube topologies such as 2-D
mesh, 2-D torus, tree based topologies such as binary tree and fat-tree topologies, ring

and crossbar topologies. The illustrations of these topologies are given in Figure 2.4.

(a3
>

laa
CRCE

(a) 2-D Mesh (b) 2-D Torus (¢)  Tree (d) Ring

JTO

Topology Topology Topology Topology

Figure 2.4. Some Well Known Regular NoC Topologies

There are some 3-D topologies used in literature [9],[10],[11]. In [12], the ter-
aFLOPS chip is explained in detail. It is known as the largest implemented topology
in literature to date with a 80-node 2-D mesh topology. It also supports the idea that

regular topologies are more suitable for the CMP implementations.



2.2.1.2. Trregular and Mixed Topologies. Irregular topologies or custom topologies may

give flexibility to a NoC system to be independent of restrictions dictated by topol-
ogy such as the freedom on the choice of the routing algorithm. Also at chip layout
phase, they give the freedom of placing the design modules in a desired manner. So,
such a NoC router that can work even in irregular topologies would provide a level of
flexibility in terms of system layer for a complete NoC design. The work on irregular
topologies in literature are rare but it is believed that much more effort should focus

on this issue and some examples can be found in [21] and [22].

Mixed topologies are mixture of regular topologies and can be used for specific
applications according to the system requirements. In Figure 2.5, two examples are

shown for irregular and mixed topologies.

(a) Mixed (b) Irregular
Topology. Topology.

Figure 2.5. Two Example Illustrations for Irregular and Mixed Topologies
2.2.2. Switching

Switching policy can be defined as the way of the data path establishment between
a source node and a destination node. For traditional SoC interconnects, the data is

transmitted via dedicated wires with a determined and fixed width. For NoC concept,

there are two known switching policies, circuit switching and packet switching.

2.2.2.1. Circuit Switching. Circuit switching is the derived form of traditional method

in such a way that a virtual circuit is established between the source and the desti-



nation node before the communication starts. The data transmission is done after
the establishment of the dedicated path. After the delivery of the data, the circuit is
released. The long establishment period is the disadvantage of this kind of switching.
However once the circuit is established, the data transfer is done in a few clock cycles
which decreases the data delivery time. Examples for circuit switched NoCs can be

found in [23] and [24].

2.2.2.2. Packet Switching. The packet switching technique is more utilized method
for data transmission in NoCs since it is suitable for scalability. Moreover since packet
switching avoids occupation of long dedicated paths, it increases the utilization of the
resources on the NoC system. The disadvantage for packet switching is that it requires
buffering and hence there will be a drawback by means of area when compared to the
circuit switching technique. Most of the routers designed in NoC literature use packet

switching method, some of them can be found in [25].

2.2.3. Routing in NoCs

Routing in NoCs is simply, determining a path for a data packet or flit that comes
from an upstream router or from the source node to a downstream router or to the
source node. There are several routing methods that can be found in literature [2], [3].
A classification for routing algorithms can be done by using their frequently observed

aspects.

2.2.3.1. Minimal vs. Non-Minimal Routing. If a routing algorithm dictates to route

the packets always on the shortest paths, it is minimal, otherwise the routing algorithm

turns out to be non-minimal [2].

2.2.3.2. Table Based vs. Algorithmic Routing. In table based routing methods, the

information for determining a path for a packet is kept on a look-up table. On the other
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hand for algorithmic routing, the route is determined by processing the information
that belongs to the packet in a routing algorithm. The information for the packet can
be, for example, the channel it came from, destination and source addresses or some
other algorithm-specific information. The table based methods decrease the latency
since the information is always ready and usually needs a small amount of processing.
The algorithm based methods can increase the latency however may be more suitable

for adaptive applications.

2.2.3.3. Deterministic vs. Adaptive Routing. If a path chosen for a given destination-

source pair is always the same for any instances of the network operation, the routing
method is said to be deterministic. If the path varies according to some parameters
(for example congestion situation of a link), then the routing algorithm is adaptive
[2],[3]. The advantage of deterministic routing is its simplicity when compared to the
adaptive methods, however there might be possible contentions and unnecessary wait
states which might end up with increased latency for the packets. Adaptive routing
increases the utilization of the bandwidth of the network with a penalty of increased

complexity of the system.

2.2.3.4. Deflection Routing. Deflection routing is also known as hot-potato routing

method, first tries to route the packet to a minimal path, if there are no available
channels for a minimal path, then it forwards the packet to a non-minimal or randomly
selected path in order to avoid the buffering and locking a specific channel. So deflection
routing supports buffer-less designs which may yield to a relatively small area while
increasing the probabilities of live-locks and unnecessary traveling of packets due to its

nature.
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2.2.4. Network Flow Control
Network flow control describes how the flow of the data traversing from one router

to another router is arranged. Flow control mechanisms can be classified into two main

sub groups which show parallelism to the switching technique.

2.2.4.1. Buffered Flow Control. In buffered flow control the incoming data is buffered

at each router. The data here can be the whole packet or some smaller part of a packet
(i.e. flit). There are three well-known buffered flow control mechanisms, which are

store-and-forward, virtual-cut-trough and wormhole flow controls.

In store and forward flow (SAF) control, the whole packet is buffered in one
router and then the route is determined and after that, the packet sent to the other
node. Virtual-cut-trough (VCT) method is the slightly modified version of store and
forward mechanism. In VCT, the packet is sent to the downstream router as soon
as the header information is received and resolved, if the next router’s input buffer
is available. If the next router is not available for accepting a new packet, then the
packet is buffered in the current router similar to the SAF flow control. A comparison
for these two flow controls is given in Section 3.3.2. The last flow control mechanism
is the wormhole control (WH), where the necessity for buffering the whole packet
is avoided and the packet is sent to the next nodes in a flit-by-flit manner. Once
the header flit is routed to the next destination, the following flits come after in a
pipelined fashion. In this manner, the buffering and the waiting times of header flit are
decreased. However, without the concept of virtual channels, the network can saturate
and be blocked quickly. The virtual channel concept avoids deadlocks and provides a
level of parallelism to the flow of the different packets on same physical channels. If
there are more than one virtual channel (VC) on a physical channel and one of the

virtual channels is blocked, the other ones can serve and the data flow would not be

blocked.
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The positioning of buffers can be an important issue for buffered type flow control.
The buffers can be at the input, output or in the middle. A comparison for buffering
issues for general VLSI switches is given in [26]. In [27] and [28], the problems of
buffer allocation and different buffering methods are considered in detail. The general
idea is that output buffering or both input-output buffering outperforms single input
buffering. The reason for this result is that, if an output channel is busy at an instance
and some input channel is waiting for that output channel, the input channel fills its
buffer and waits for the output channel to be available. So, the input channel is blocked
in this scenario, the situation is called head-of-line blocking. However if the buffering
is done at the output side, the input channel may accept a new packet for routing,
and if this new packet’s route is a different output channel from the former one, then
the flow is not blocked. A comparison for VCT and WH flow controls is given in [29],
which shows that VCT flow control outperforms WH without virtual channels in many

cases.

2.2.4.2. Buffer-less Flow Control. Buffer-less flow control is for circuit switching and

deflection or hot-potato routing algorithms. Since all these techniques do not need
buffering of packet. Usually buffer-less techniques are considered for decreasing the
area overhead, but rarely used. They are the very common and frequently discussed
characteristics of NoCs. For further information and different characteristics, the reader

can study the literature surveys [2],[3] and [30].

2.3. NoC Routers in Literature

In this section, some router realizations from the literature are discussed [3], [30].

The architectures mentioned here are investigated in the scope of this thesis work.

An example is the DyAD smart routing chip [13]. In this architecture, the router

senses the density of the network (especially local network) dynamically and switches



13

between the adaptive and deterministic routing methods according to the congestion
status. With deterministic routing method, generally the shortest-path algorithm is
applied. The main advantage of the deterministic routing is, simple logic and low mes-
sage latencies. However under dense traffic, the traditional routers are not sensitive to
the local densities. Hence, this results in very long delays and there may be deadlocks.
In congested traffic cases, DyAD router switches into adaptive type routing algorithm
and utilizes alternative routing paths and tries to solve the traffic problems. Basically,
each router monitors the traffic status of the neighbor routers and decides the type
of the algorithm that should be used while determining the paths of the new packets
from the neighbors. Similar dynamic structures are also proposed in [14] and [15]. In
[13], the authors have underlined some aspects that should be taken into account while
designing routers for on-chip networks: In order to obtain low area designs, registers
should be used instead of big memories. If a kind of deterministic routing is targeted,
XY-routing might be suitable since it is deadlock and live-lock-free. If an adaptive
routing algorithm is aimed to be chosen, minimal odd-even routing is a live-lock free
algorithm and might be a good choice. In our work, we proposed a set of parame-
ters, which makes the router configurable. These are, the link width(data and address
bus width), depth of input and output FIFOs and the flit sizes(the atomic message
packet on the network) could be reconfigurable and these could be parameters for such

a router.

Another router algorithm is proposed in [16], which is a good example for custom
structures used in NoC routers. In that work, a new structure that has no virtual
channel is proposed. Important feature of this architecture is that by eliminating the
virtual channels, the complexity of the router logic is decreased and this results in a
decrease in setup latency. The proposed router is based on a k-ary n-mesh type network.
It is partially adaptive and dead-lock free. The virtual channel concept is important
for NoC routers and used in several architectures. Virtual channels at input or output

terminals of the routers provide a separation of granting of buffers and granting of
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channels. To do this multiple buffers are utilized for each channel of the router. In
other words, if two particular paths over a router share one particular channel of that
router and if one of the paths is blocked and the other one is free, the free path is used
by using virtual channels. However, there are some problematic aspects for the virtual
channels. Firstly, additional buffers, larger crossbar and more complex arbitration
increase the complexity of the router architecture [16]. The second disadvantage is that
the virtual channels come with the cost of increased setup latency. So if the virtual
channel solution is chosen for avoiding the deadlock problem that would possibly occur
during the communication between nodes of a NoC system, these disadvantages have to
be taken into account. The methodology proposed from the authors of [16] can be taken
as a solution for deadlock problem. The important factors that affect the performance
of the network are the topology of the network, flow control strategy and the routing
algorithm. By taking into account those factors, some general and generic router
architectures have been proposed in the past. A well-known architecture is a basic work
for this subject and proposed in [17]. A simplified architecture block diagram is shown
in Figure 2.6. Here, the main sub-modules of the router are address decoder (AD), flow
control unit (FC), crossbar(CB), routing arbiter(RA), virtual channel controller(VCC).
This model is proposed for modeling latencies those could occur and effect the setup

latency of the router. This router model has been considered as a rough model for our

AFRONOC router.

_%g“ » VCC
e CB VCC
20 > " VCC

Figure 2.6. Chien’s Router Model Simplified Block Diagram [16]
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The work proposed in [18] describes the characteristics and feasibility of the
routing topologies. In this work routability of some well known network topologies was
studied. When deciding on the routability degree of a network, its logic utilization
degree, logic distribution (area), maximum clock frequency, number of nets, placement
and routing time is measured. As a result, they observe that some of the routing
topologies as routable and some of them as not routable, which they investigated. It is
seen that while examining the routability of a network topology, three main character-
istics of the topology could be estimated. These are, node degree, the number of links
from a node to its neighbors, link complexity, number of links that topology requires
and regularity. If all nodes of the network have the same node degree, that network is

said to be regular in [18].

In [19], different issues discussed about interconnections on reconfigurable devices
such as FPGAs. The authors compared flexible interconnection concept and statically
wired multicore systems. Important benefits of reconfiguration ability of interconnects
on digital systems are briefly given with comparison to fixed networks. Then, these
benefits have been shown based on some experimental results. As a result of the
brief comparison of rigid interconnections and FLUX Networks [19], it is seen that the
most important difference between dynamic and static systems is the changeability
of the physical structure of the network. Since FLUX networks are reconfigurable, it
gives the ability to the designer to switch between different network topologies such
as mesh, torus, ring, etc. Since the network is rigid in static structures, the parallel
system realized by that hardware cannot be parameterized. For example, if the link
width is chosen 32-bit it always remains same during life time of that hardware. So
parametrization of hardware can provide some advantages such as switching between
design for performance or design for low power concepts. In [19], a simple example is
also stated for reconfiguration of the interconnects as illustrated in Figure 2.7. Here,
switching from a binary tree topology to mesh topology is stated. At the programming

side of this instance, the bitstream of the desired network topology is downloaded to



16

the reconfigurable fabric at the ”SET Network” phase and the execution of the program

continues from the last instruction.

Algorithm Phase 1
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Figure 2.7. Example Illustration for Reconfiguration of Interconnect Hardware [19]
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In [20], some well-known network topologies and their performance metrics are
studied. First, some common concepts are discussed such as switching techniques for
on chip networks. Then, an infrastructure in terms of performance parameters for on
chip networks is proposed. After representing a methodology to evaluate performance
of a given network, some experimental results are given. Also a switch architecture is
given in scope of this work. In [20], the most important performance parameters for
on-chip networks are given and formulated with the aid of a sense that is modeled from
the classical network and communication theories. These main and the most important
metrics are, message throughput, transport latency, energy and area. They are also
well-known parameters for digital systems and communications systems. However,

they are re-defined in terms of on chip network parameters in the scope of [20] .

A motivating work is represented in [22]. A topology adaptive network on chip
design is proposed in this work. The router designed in this work is a kind of flexible
router in terms of input and output channel number and the routing topology that
router uses. The authors have tried to keep the router adaptable to different network
topologies while fixing the switching technique and routing algorithm. In order to do

that, virtual cut trough switching technique and a deterministic routing algorithm are



17

used. Flexibility to the network on chip routers and balancing the network traffic is

achieved with a little area overhead.

In [21], a circuit-switched flexible router is described. The update of routing
tables is partial reconfiguration based and not mentioned in detail. The flexibility of
the router is in terms of number of channels, data width, address width and these
parameters are configurable in synthesis time. So, the design needs the arrangement
of the routing tables outside of the network and embed it to the router by partial

reconfiguration.
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3. AFRONOC: THE FLEXIBLE ADAPTIVE ROUTER
DESIGN ARCHITECTURE

In this chapter the design goals and the architecture of the AFRONOC router is
described in detail. The router has four main functional blocks: table update block,
input block, central routing-switching unit and the output block. The organization of
this chapter is as follows: In Section 3.1 the structural view of the router is presented.

Its building blocks are explained in the remaining sections.

3.1. General Organization of Architecture

There are three main objectives at the design phase of the router. First objective
is to design a flexible router. AFRONOC router is design-time condigurable in terms of
number of channels, the number of nodes in the network, buffer size of each channel and
physical data width as shown in Table 3.1. At the design implementation phase, the
router is realized by using VHDL language. The flexibility is provided by using several
generate statements in sub blocks of the router HDL code. The parameters for router
are collected in a package file. These configuration parameters and a configuration

manual for the router is given in Appendix A.

The second objective is to design an adaptive router. Here the implication made
by saying "adaptive” is that, the router should recognize the network it is connected
to without any external or central monitoring unit. Such a property will bring a stand-
alone working principle to the router. This is achieved by the proposed adaptation
algorithm which is described in detail in Section 4.2.1. On the design side, the algorithm
is implemented as the table update block (TUB) which is described in Section 3.2.

The third design goal is to keep the design simple in order to keep the area of the
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Table 3.1. Configurable Parameters of the Router

Switch

(area),

Parameter Description Bound Effects
WIC 2WIC gives the | 2W1C = 32 Input block area , Switch area,
number of input number of hello-output chan-
channels nels
WOC 2WOC gives the | 2OC = 32 Output block area,
number of out- area, number of hello-input
put channels channels, number of 1-bit
address-channel match table
RAMs
WADDR QWADDE — gives | Up to HW re- | Address-channel match table
the  maximum | sources and ap- | RAM depth (area), Current
number of nodes | plication minimum hop count RAM
in the network depth at hello center unit
(area), hello message width,
data packet flit widths
WDATA Communication | Up to applica- | IO  buffer widths
data width tion Switch data width (area)
BUFDEPTH | Depth of input- | Up to applica- | IO buffer depth (area)
output buffers tion
HELLO_ Period of sending | To  be  op- | Table update speed
REFRESH_ | new hello packet | timized ac-
PERIOD to network cording to
topology

each block as small as possible. Since the final work will be targeted to reconfigurable

architectures such as FPGAs and large SoCs which have resource restrictions, the

interconnections must occupy as small area as possible in order to leave more area to

the functional processing units at system level. This point is taken into account in the

design of every block of the router.
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So by keeping those design goals in mind the proposed router architecture is given

in Figure 3.1. In Table 3.2, the main properties of the router and the advantages and

the disadvantages of the selected feature are summarized.

Table 3.2. Main Properties of the Proposed Router

Property Description Advantage Disadvantage
Switching Packet Switching Low Latency Area Overhead
Routing Custom-Adaptive (States of | Adaptivity Area Overhead
the output channels + alterna-
tive minimal paths)
Network Buffered using  ”Virtual | Simple Control | Possible Head
Flow Control | Cut Trough” with request- | Logic of line blocking

acknowledge control

Buffering Both input and output buffer- | Avoid Head of | Area Overhead
ing line  blocking,
Reduce  dead-
lock possibility
Topology Both regular and irregular | Flexibility, Area Overhead
compatibil- topologies Adaptivity
ity

3.2. Table Update Block (TUB)

3.2.1. Organization of TUB

Table update block is responsible of managing the "hello” messaging which takes

place on the dedicated paths. Dedicated paths are used for the adaptation task in order

to achieve a parallelism between hello messaging and data messaging. By doing this,

the hello messaging does not disturb the data lines while bringing a little overhead on
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Figure 3.1. General Organization of the Router.
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silicon area at system level. TUB generates and sends the hello message of the router to
the neighboring routers periodically. The period is design time configurable. Another
function of this block is to collect the hello messages coming from all neighbors of the
router, to decide whether this information will make a change on the address-channel
match table and if so, make this change and make appropriate changes on the hello
message and send it to all neighbors. The decision algorithm and the hello messaging

structure details are explained in Chapter 4. The block diagram of TUB is given in

Figure 3.2.
# of HELLO INPUTS : # of HELLO OUTPUTS :
1, Woc o VIC
WADDR

WADDR ; WOC » el i el
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o token_out j
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WADDR 3xWADDK ) 3xWADDR WADDR
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‘WADDR . i 3 WADDR
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<« ack_out T Adress-Channel
— hello_out_tris busy_out ack_in |q——
rolle i chanmel Match Table -
ello_in_channel_n
RAMs hello_out_channel_m

Figure 3.2. Table Update Unit Block Diagram.

The input block is composed of 29 hello-input channels since there are 2"V0¢
output data channels of the router and since the hello messages come from the routers
at the output side, this choice is reasonable. Output block is composed of 2"/¢ hello-
output channels in a similar fashion. The central block is composed of an FSM and the
CMHC RAM (Current Minimum Hop Count RAM) mainly. There are two main tasks
for this central block. First, it is responsible of sending the hello messages of the router
itself. Processing the hello messages that come from the neighbor routers is the second

main task. The details of these blocks are described in the following subsections.
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3.2.2. Hello-Input Channels

The main task for a hello input channel is waiting for a hello message from the
hello-output channel of the neighbor router which it is connected to. The hello-input
channel is designed as a finite state machine. The state diagram of the hello-input
channel is shown in Figure 3.3. The incoming hello message is captured via a shift

register and registered to the central unit with the invocation of the token_in input.

HELLO_IN
WADDR
hello_req_in ='l" D
— » EN

hello_req_in='0' » Q

HELLO_OUT <= hello_reg ___ WAIT HELLO time_to_live

- . - ack_out <='l'
token_in ='1" token_hold <='Z' WADDR
ack out <=1 HELLO OUT <=*7Z..2” D
token_hold <="1" —p—» EN

P hello_req_in='1" | Q

hello_req_in='"1 bt S Thops_travelled

ack_out <='I'
— v WADDR
D
7 Q
source_addr
hello_req_in='0'
ack_out <='0' token_in ='0' WADDR
ack_out <='0'
_ 3xWADDR
token_in ='1" A
(@ SEND_HELLO ) D
> EN
CLK
Q
3xWADDR
HELLO OUT

Figure 3.3. Hello Input FSM and logic.

3.2.3. Hello-Center Decision Block

Hello center unit turns a cyclic token every clock cycle and polls the token_hold
input from the input channels. Whenever there is a new hello message, it begins to
process this new hello message. It controls the source_address field first. If the origin of

hello message is itself, then it drops the packet. If not, it checks the hops_travelled and
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time_to_live fields for making appropriate changes on CMHC RAM and the address-
channel match table RAMs. The detailed description for this processing algorithm
is given in Section 4.2.1. The hello processing unit also sends the hello message of
the router itself periodically. This period is determined at synthesis time by designer
by changing the HELLO_REFRESH_PERIOD parameter which can be seen in Table
3.1 and in Figure A.1, in Appendix A. Choosing a relatively long period may yield
long initialization times. Also choosing too short periods may cause contentions in the
hello-message network which may again cause long initialization times. This period

should be optimized with respect to the topology and size of the network.

3.2.4. Hello-output Channels

Each hello output channel is composed of a finite state machine and two counters.
It waits for a hello packet from the central unit and informs the center unit about its
situation by setting busy_out flag to zero. When central unit sends new hello packet
it raises the hello_valid signal and the output units capture the new hello message.
After receiving the hello message, output channel checks if the downstream hello input
channel is ready for a new message and if so it sends the hello message via a shift-
register. If the downstream input channel is not ready for eight clock cycles, the
timeout counter generates a timeout_expired signal and the output channel drops the
message and waits for a new one. This timeout is for avoiding the possible deadlocks

and fixed. The architecture for hello-output channel is summarized in Figure 3.4.

3.3. Input Channels

3.3.1. Overview

The input block is one of the main blocks of the router. It is composed of a

configurable number of separate input channels and an input source controller block.
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diagram of the Input block is shown in Figure 3.5.
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Each input channel has a finite state machine which controls the network flow, makes
route request to the routing unit and sends data to output channels via the switch.

There is one FIFO buffer at each input channel for buffering the data flits. The block
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Figure 3.5. Input Channels Block Diagram.

The data, request acknowledge lines from/to source side (i.e. from/to connected

processing element of the node) goes directly to the input channels via multiplexors.
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By this way the buffering of the injected data done in input channels and so annihilates
the need of buffering the data in a separate source buffer. This improves the utilization
of input channel buffers and comes as a contribution of the proposed architecture. In

the following sections the details of inner blocks and the source controller unit are

described.

3.3.2. Input FSM and Buffering

Input block is composed of input channels and each input channel consists of a
finite state machine and a FIFO buffer for keeping the data packets. The FSM waits
for new data from upstream router/source side, buffers the packet if needed, make
routing request to the central routing unit, and sends data to the output via crossbar
switch. While sending the data to the output, input channels send the control signal
data_valid to the output channel. If there is a packet in the input channel, it sets its

busy flag to zero and informs the source controller about its state.

Input FSM diagram is given in Figure 3.6 for two different flow control mecha-
nisms, SAF (Store and Forward) and VCT (Virtual Cut Through). All of the registers,
inputs and outputs are not shown for simplicity. At synthesis time, the flow control can
be changed to the SAF or VCT by commenting out the related FSM source codes. The
difference of the two flow control mechanisms can be described shortly as follows as
illustrated in Figure 3.7: In SAF, after receiving a request from the upstream router’s
output channel, the input channel of the current router sends an acknowledge to the
upstream router if the packet buffer is empty (at time t=0 in Figure 3.7). It, then,
buffers the whole packet in 7, time (buffering time), sends a routing request to the
routing unit with the destination address information of the packet. After receiving
the route acknowledgement after a time delay of T, (routing decision time), sends the

packet to the multiplexer of the assigned output channel in T time (sending time). The

VCT (Virtual Cut Through) flow control is first described in [31]. In VCT flow control,
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input channel of the current router sends acknowledgement to the upstream router if
the packet FIFO is empty and as soon as it receives the header flit (the destination
address information) in Ty, time (buffering time of the head flit), it sends the route
request to the routing unit and as soon as it receives the route acknowledgement after
a T, time delay, it begins to send the packet flits to the output channel without waiting
the buffering of the whole packet. If there is a contention on the output channels side,
the VCT converges to the SAF flow control since there will be a need for waiting for
output channels to be free. If the packet lengths are so long that the routing decision
time is negligible comparing to the buffering time of the packet (7, << Ty), the VCT
is superior to the SAF, especially for contention free situations as illustrated in Figure

3.7

VCT 3
parallel
FSMs

invoke
signal

STALL1 FOR ACK

MAKE ROUTE
REQUEST

Figure 3.6. Input Channel FSM Designs for SAF and VCT.

3.3.3. Input Source Control Unit

The input source control unit mainly waits for a request from the source side and
when a request occurs, it reflects this request to one of the input channels. The choice

of the input channel is dependent on the states of the input channels. The source
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controller rotates a cyclic token and gives equal chances to the input channels so as to

reduce the possibility of contentions on a specific input channel. The architecture of the

input source controller is given in Figure 3.8. This architecture for connection to the

processing element allows usage of the input channel buffers as source-side buffers and

improves utilization. So extra buffering may not be necessary at the source controller

while injecting data to network

mux_sel_out

. This will yield to an increase in flit injection capability.
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3.4. Central Unit: Routing and Switching

3.4.1. Overview

The central block makes a match between a given destination address and an
appropriate output channel. It, then, establishes a physical route between that output
channel and the input channel which makes the request. There are three main blocks
in CU architecture: Routing block, flexible switch and the Address Channel Match
Table (ACMT) RAM. The block diagram of the routing and switching block is shown

in Figure 3.9. The inner main sub-blocks of CU is described in following sections.

ROUTING BLOCK
from/to
input channels
WADDR
table addr out
———— P route_req_in ADDRESS-CHANNEL
WADDR o . , MATCH TABLE
ﬁ;’ destination_addr_in table_data_in |«
RAMs
<4————— route_ack out 2WOC
4% token_out
WIC
2
output_port_status_in 47;
2WOC
set select&enable
output MUX output MUX
WIC 2VVOC
A
from to
input channels output channels
/ SWITCH
BOX WO; c

V€% (WDATA +1) 2 X (WDATAHI)

Figure 3.9. Architecture of Routing and switching unit.

3.4.2. Routing Block

The routing block takes the destination address information and "match requests”

from the input channels, searches for possible routes on the address channel match
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table, monitors the states of the output channels and sets the switch with the aid of
the final information appropriately. The FSM for routing task and the additional logic

are shown in Figure 3.10. All signals are not shown for simplicity.
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L
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LOGIC
table_data_in wocC
2 CLK ”’

Figure 3.10. The routing FSM and additional sub-blocks of routing unit.

A,

3.4.3. Address-Channel Match Table RAMs

Address-Channel Match Table is composed of 1-bit wide RAMs. For each output
channel, there is one separate dual-port RAM and the addresses of the RAMs are
network node addresses. Dual channel RAMs are used and the write and read ports
are separated since table is written only by table update unit and read only by routing
unit. Routing unit makes word access to RAMs such that there is only one RAM and
reads all of the routing information related to a given destination address in one cycle
by giving the address as index to RAM. If the value of a specific RAM field related
to an output is '1’, this means for the given index address, that output channel is a
potential route. If the RAM field is ’0’, that output channel is not a suitable match for
that destination address. If a hello message processing cycle ends up with a possible
route, hello unit writes a "1’ to the RAM field of the output port, indexed by the

source_address of that hello message. When the result of process does not give an
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acceptable route, then the RAM field remains as '0’.

3.4.4. Flexible Switch Box

The switch-box is composed of several 1-bit 2-to-1 multiplexors. In order to make
the switch parametric and flexible, the following method is chosen: The data width and
number of select inputs of the MUXes are parametric and chosen at synthesis time.
There is one (2"1¢)-to-1 MUX for each output channel. Data width of each MUX
is "WDATA+1”. WDATA width is for data traveling from input to output channel
and plus 1-bit for a control signal from same input to the that output channel. For

generating the switch, generate statements of the VHDL language is used.

3.5. Output Channels

3.5.1. Overview

The output block is composed of output channel sub-blocks and a source control
unit. The number of output channels are parametric and configurable at design time.
Each output channel can be directed to the downstream router or to the source side.
The source controller unit monitors output channels’ request lines to the source side
and if there is a request from an output channel to the source node, it directs the
data and control line of that output channel to the source node and does the same
for the acknowledge line coming from the source side for the opposite direction. The
source controller also counts each cycle for this monitoring process in order to give
equal chances to each output channel. The block diagram of the output block is given

in Figure 3.11 and the main sub-blocks are described in the following two sections.
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3.5.2. Output FSM and Buffering

Each output channel has a state machine for controlling the flow at output stage
and a FIFO buffer for keeping the data if the input of the downstream router is busy at
that moment. After the routing unit assigns an input channel to the output via switch
block, the input sends the data and a data_valid signal to the output. As the output
channel FSM invoked with the data_valid signal, it begins to buffer the data and sends
request to the downstream router’s input channel at the same time. Receiving the
acknowledge signal, it begins to send the data from the buffer to downstream router or
to the source side. The decision of the output path (the consecutive router or source
side) is determined at the output channel as soon as it receives the head flit which
carries the destination address information of the packet. The address information of
the packet is compared with the router’s own address and if they are equal, the output
path is set to the source side via the output de-multiplexer. If the address contained

in the header flit is a different node’s address, the packet forwarded to the following

router.
VCT SAF
2 parallel single
output FSMs output FSM
FSM1 FSM2 FSMl

WAIT DATA

WAIT DATA ,

Figure 3.12. The FSM diagram of Output Channels

The output channels uses VCT or SAF flow control according to the choice at the
design time by commenting out the unused method’s FSM in the related source code

section. Usually, VCT is used since it covers the SAF flow control. The two possible
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finite state machine diagrams of each output channel is shown in Figure 3.12.

3.5.3. Output Source Control Unit

The output source controller unit monitors the requests that come from each
output channel to the source side. When it recognizes an output channel is requesting
data transmission to the source side, it transfers it to the source side, hires the data
path to that output channel and transfers the acknowledgement of the source to that

output channel.
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4. ROUTING AND ADAPTATION ALGORITHM

This chapter covers the development of routing and adaptation algorithm for the
AFRONOC router. First some basics about routing in general networks and well-
known strategies for routing are described. Then in Section 4.1, the two possible main
routing algorithms for dynamic networks are explained briefly. After the illustrative
introduction, explanation of the reasons for the choices and how these algorithms covers
the needs of a dynamic network on chip, the routing and adaptation algorithms are

described in detail in Section 4.2.

The routing process for networks in general can be classified into two groups as
dynamic routing and static routing. In static routing, the network mapping tables are
generated manually before the network starts its operation and remains static. So, the
nature of this type of routing is not suitable for an adaptive router, which subjects to

work in dynamic NoCs.

As a consequence, dynamic routing is the point of interest for the design of the
router in the scope of this thesis work. In general, it is known that, in a dynamic
routing algorithm, the routing tables begin to be filled with the information as the
network starts its operation. So a path discovery process flows between the members
of such networks to "recognize” the environmental members and the paths between
them. There are two most popular route discovery methods used for networks in global.
These are link-state-routing and distance-vector routing. In the following section, these
routing strategies are described briefly before explaining the development process of

routing and adaptation algorithm of the router.
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4.1. Possible routing Algorithms for Adaptable Routers

4.1.1. Distance Vector Routing

There are two documents about distance vector routing strategy as a standard
in TCP/IP literature described in their related RFC documents [32], [33]. In distance
vector routing, each router keeps a table for matching their output nodes to their
neighbors and the source nodes connected to these neighbors only. So in this type of
routing, the router has only the information of its neighbors and the channel to reach to
that neighbor, which makes it simple to implement. After starting the operation every

router sends the information of destination nodes connected to itself to its neighbors.

4.1.2. Link State Routing

The link state routing is first described in [34] and some of its improved derivatives
and applications are described in detail in their related RFC documents for TCP/IP
standards [35], [36]. In link state routing, each router sends the information of not
only itself but also its neighbors. As a result, in each router, the information of all the
network is kept. The routers send "hello” and ”echo” packets in order to verify the
connectivity and also estimate the distance of all other routers in the network. This
process goes on periodically and so all the routers update their information about the

7state” of all the ”links” in the network.

These two main routing strategies are investigated from a NoC view and a sim-
plified routing algorithm derived by the link state routing is given for NoCs in [37]
where the main reason for choosing link state routing is its superiority over distance
vector routing in the case of broken links. Since the link state routing is too complex
and possibly will occupy much more area then distance vector implementations, the

authors offered to choose a limited routing table, set it once in the beginning and do
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not make periodical updates for these tables. These assumptions would be acceptable
in case of ASIC implementations of NoCs as the authors of [37] declared. However,
this way of simplification will take away from the dynamic nature of link state routing
and may not suite for systems realized on reconfigurable systems, in which the states

of nodes and even topology of connection may change during operation of the network.

So, the choice for adaptation process of the router will be a derivative of link state
routing philosophy since it is suitable for dynamic network realizations and supports
scalability. For the realization on reconfigurable hardware or generally in hardware,
one should keep in mind that there are limited resources, so the implementation should
occupy as small area as possible. The first idea for keeping area small is to make the
routing tables and keeping the routing information as compact as possible. This is
done by designing the address-channel match table in the way that is described in
Section 3.4.3. In the following section, proposed routing and adaptation algorithms

are described.

4.2. Proposed Routing and Adaptation Strategy

4.2.1. Adaptation Algorithm for AFRONOC

So we can summarize the main tasks for the adaptation algorithm designed in

the inspiration of link state routing is as follows:

e Every router sends its own hello message to the neighboring routers with a given
(configurable) period (HELLO_REFRESH_PERIOD)

e When receiving a hello message, router puts the message in a process and deter-
mines if this is an alternative path or not.

e After processing the hello message, router forwards it to the neighbor routers or

drops the message.



39

The structure of a hello message used in this algorithm is given in Figure 4.1.

LSB MSB

SOURCE ADDRESS | HOPS TRAVELLED TIME TO LIVE

v
3x WADDR

Figure 4.1. Structure of Hello Message

Here, the source_address field keeps the address of the router which inserts the
message to the network, time_to_live field keeps the information of life time for a hello
message and decremented in each visited router while traveling in the network. The
hops _travelled field keeps the information of number of routers the message passed
through and incremented in each router it visited. The pseudo code representation
of the hello message processing, which takes place in table update block, is given in

Algorithm 1 (Figure 4.2).

Here, the PORT_RAM_N[index] represents each of the 1-bit RAM of address-
channel match table as described in Section 3.4.3. The number "N” at the end of
the name indicates that the hello message is received from the router that is con-
nected to N** output channel (the same router is connected to N hello input channel
also). These RAMs are filled with zero after global reset of the router (line 1). The
CMHC_RAM][indez] is abbreviation for Current Minimum Hop Count RAM and filled
with ones after the reset (line 2). As the hello messages begin to flow across the router,
new CMHC values are replaced with the older (and greater values) if these new ones

give a shorter path than the previous ones for the related router addresses on the

CMHC RAM.
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Algorithm 1 Table Update Algorithm
1: PORT_RAM « all_zeros

2: CMHC_RAM « all_ones

3: loop

4: if received_new_hello_packet = 1 then

5: if source_addr # my_addr then

6: if hops_travelled < CM HC_RAM [source_addr] then
7 CMHC _RAM [source_addr] < hops_travelled

8: PORT_RAM _N|source_addr] < 1

9: else if hops_travelled = CM HC_RAM [source_addr] then
10: PORT_RAM _N|source_addr] <« 1

11: end if

12: if time_to_live > 0 then

13: hops_travelled «— hops_travelled + 1

14: time_to_live «— time_to_live — 1

15: forward_hello_packet _to_all_neighbours()

16: else

17: drop_hello_packet()

18: end if

19: else if source_addr = my_addr then

20: drop_hello_packet()

21: end if

22: end if

23: if send_my_hello_counter = HELLO_REFRESH_PERIOD then

24: send_my_hello_packet_to_all_neighbours()
25: end if
26: send_my_hello_counter < send_my_hello_counter + 1

27: end loop

Figure 4.2. Pseudo Code of Hello Message Processing
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The operation of Algoirthm 1 on the table update unit can be explained as
follows: It waits for a new hello message (lines 3,4,27). When received, it looks if the
origin of the hello message is itself or not(line 5). If it is so, it drops the message
and looks for a new one. By this way the unnecessary insertion of the same message
is prevented. Otherwise, it checks if the hops_travelled field of the hello message is
smaller or equal to the CMHC for the router, which has sent the hello message(line
6). If smaller, it updates both the CMHC RAM and the address channel match table
(lines 7,8). If the values are equal, it only updates the address channel match table
related to the channel that the hello message received (lines 9,10). So it marks the
channel from which the hello message received as a possible path to the router which
sent that hello message. After that, it checks if the time_to_live value of the message
has expired(line 12). If the answer is yes, it drops the hello message (lines 16,17). If
not, it forwards the hello message to all neighbors after incrementing the hops_travelled
value and decrementing the time_to_live value by one(lines 13-15). At the same time
runs the send_my_hello_counter (line 26) and if the HELLO_REFRESH _PERIOD is
expired, it sends its own hello to the neighbors (lines 23,24).

Here, some points have to be discussed for optimal operation of the adaptation
algorithm. One point is that, the choice of the time_to_live value must be selected
carefully according to the diameter value of the network. If it is chosen too big,
there might be unnecessary traveling of the hello message which would end up with a
contention on the hello messaging network. So the values in the neighborhood of the
diameter value of the network will be suitable. There is another restriction about the
selection of the time_to_live value. If it is chosen smaller than the diameter value of the
network, there will be some node couples which will not be aware of each other. This
problem is serious and might effect the operation of the whole system, since there may
be unknown connections and addresses. So choosing the time_to_live value exactly the
same with the diameter value of the network will fit the requirement. Another aspect

is the selection of the period of inserting new hello packets to the network. If it is
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chosen so small, each router will try to send its own hello message frequently to the
network and this may yield contentions again. The optimization of this parameter can
be done by changing the HELLO_REFRESH_PERIOD parameter. Experimentally, its

default value is chosen as 32 cycles for the simulations done in the scope of this thesis.

4.2.2. Routing Algorithm for AFRONOC

The routing algorithm becomes simple with the aid of the table updating process.
Since the table is filled with the possible routes for a given destination address, the
only job for the routing unit is to check the table and the states of the output channels.
When it finds an available channel, it sets the output switch appropriately for the input
channel that sends the route request with the destination address of the data packet.

The pseudo code for routing algorithm is given in the Algorithm 2 (Figure 4.3).

The pseudo code shown in Figure 4.3 is realized in the routing block as described
in Section 3.4.2 and shown in Figure 3.10.The routing block waits for a route_req_in
signal from the input channels (line 1-16). If it receives a new request(line 2), then it
begins to search on the ACMT RAM (PORT_RAM_N) with the given destination_addr
from the input channel, which sent the route_req_in signal (lines 3-13). It masks the
route information, which comes from the ACMT RAM, with the status register, which
is updated by the output channels (line 5). If the mask and search operation ends up
with a available route, it sends a route_ack_out signal to the input channel (line 6) and
sets the output switch appropriately (line 7). If it cannot find an available route for the
current request (line 10), it does not change the state of the route_ack_out line (line 11)
and continues on polling the other input channels by rotating the rotate_input_token

(line 15).
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Algorithm 2 Routing Algorithm

1: loop

2: if route_req_in = 1 then

3: for N « 0 to 2"°¢ do

4: if PORT_RAM _N|destination_addr] =1 then
5: if status reg N =1 then
6: route_ack_out «— 1

7 set_output_switch()

8: Break

9: end if

10: else

11: route_ack_out < 0

12: end if

13: end for

14: end if

15: rotate_input_token()

16: end loop

Figure 4.3. Pseudo Code of Routing the Data Packets

The most time consuming part is the search loop on the address channel match
table (indicated by the for loop with index N in Figure 4.3)(lines 3-13). This can be
done either by checking the bits of the available channels register in a cycle-by-cycle
manner in multiple clock cycles or by a combinational logic in one clock cycle. The
advantage of the former one is lower combinational delay which provides a higher clock
frequency than the second solution for the whole routing process. In the multi-cycle
solution, the number of search cycles is dependent to the number of output channels
which is configurable and bounded by the number 32. So this means in the worst
case, if the "1’ is on the most significant bit of the searched word, (the suitable channel

for that instance of routing is the 31% channel) the search process will take 32 clock
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cycles which would be too long for this purpose. Moreover, the duration of the search
process would be variable according to the position of the first rightmost 1’ on the
searched word. So, even though the single cycle solution with the combinational logic
will bring a combinational latency and a bottleneck for the working frequency of the
router, searching process will always take just one clock cycle, which will make the

timing estimation deterministic. So the later solution is chosen for that purpose.

The hardware realizations of the routing and table updating algorithms are ex-

plained in Section 3.4 and 3.2 respectively.
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5. FPGA IMPLEMENTATION and SIMULATION
RESULTS

The AFRONOC router developed in VHDL, and synthesized to Xilinx FPGAs in
Xilinx ISE 10.1 environment for experimental purposes. All the simulations are done
using Modelsim 6.2f from Mentor Graphics. Built in features of the FPGAs are not

fully utilized so that the router can also be synthesized for ASIC applications.

5.1. Implementation Results of Single Router

In this section, FPGA implementation results of the router are given. Also some
design choices are described briefly. The router is mapped onto two different FPGA
architectures from Xilinx. Spartan-3s5000 and Virtex-1I Pro xc2vp70 are used for ob-
taining implementation results to compare with the related works. In Table 5.1, the
place and route results for a configuration of four I/O channel, eight bit data width,
four bit address width are given. In Table 5.2, the distribution of area of the sub blocks
of the router are given. The I/O buffers are implemented as distributed RAMs and
included in area results. The results are post place and route results and are extracted

from the Xilinx ISE 10.1 place and route tool.

Table 5.1. Implementation Results for four channel Router, eight bit data width, four
bit address width, I/O Buffers are eight word deep.

Parameter Spartan-3s5000-5 Virtex-xc2vp70-7
Area(Slice) 766 (%2) 750 (%2)

Area (Equivalent Gates) 20733 30025

Operating Freq.(MHz) 128 190
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Table 5.2. Distribution of the Area over the Main Sub-modules for the four channel

Router on Spartan3s-5000 and Virtex-I1 Pro xc2vp70, eight bit data width, four bit

address width, I/O Buffers are eight word deep.

Sub-module Spartan3s-5000 Virtex-xc2vp70
(Slice/% of router | (Slice/% of router
area ) area)

Input Module 191/28 191/28

Output Module 189/28 190/28

Routing&Switching 115/17 114/17

Table Update Module 171/25 170/25

In Table 5.3 area and operating frequency results for different number of 1/O channels

and data width values are shown. The 1/O buffers are not included and the results are

again from Xilinx ISE 10.1 place and route tool. The router configurations are mapped

onto Virtex-II Pro xc2vp70 device.

Table 5.3. Area and Operating Frequency Results for AFRONOC Router on

I/O Channel count

Virtex-II Pro xc2vp70 device

Data Width Area (Slice)

Operating Frequency (MHz)

2 8 334 230
4 8 639 190
8 8 1343 130
2 16 358 200
4 16 739 180
8 16 1585 125
2 32 422 190
4 32 923 166
8 32 2087 120
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Also it is possible to set up a relation between the configuration parameters of
the router and the area overhead. Below some of these relations are shown on the
related figures. The results are given for Xilinx Virtex-II Pro xc2vp70. Since the CLB
archtiectures of Virtex and Spartan devices are similar the area related results are not

so different from each other as seen on Table 5.2.

In Figure 5.1 the relation between the allowable maximum number of nodes on
the network and total area of the router is shown. We configured the router for four
input and four output channels. Each I/O channel has a buffer of eight word deep
and eight bit wide (the data width is eight bit). The WADDR parameter is swept
from one to eight (the maximum allowable number of nodes is swept from two to 256).
Here, the effect of the number of the nodes on the size of the CHMC RAM and the
address-channel match table RAM can be seen. Even these RAMs are comparable
with the I/O buffers in this configuration, it can be seen that the CMHC RAM and
the ACMT RAM area do not make a drastic change on the total area of the router. So
from the implementation view it can be said that, the compact and effective design of
the tables yielded to acceptable area overhead for the router. Also the linear behavior

of the change is an evidence for the scalability of AFRONOC.

In Figure 5.2, the effect of the number of I/O channels on the router area is
shown. In this configuration it is assumed for a sixteen-node network, and the buffer
depth is chosen as sixteen-word deep which can be also assumed as an average depth.
The results are represented for three different data width eight, sixteen and 32, which
would be possibly commonly used data widths for embedded applications. The number

of input and output channels count is assumed as equal and swept from two to sixteen.

From Figure 5.2, it can be seen that the change of the area is in a quadratic
behavior with respect to the quadratic increase in number of 1/O channels. It can be

said that for the channel counts between two and eight, the area overhead for the router
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is acceptable. For the number of I/O channels over eight ( which is sixteen), which
would not be practical in cases such as torus, tree or mesh based or even in many cases
of irregular topologies, the increase is more drastic. However since it would not find so
much application area as the former I/O channel counts (between two and eight), can

be negligible.

In Figure 5.3, the change of the router are versus the 1/O buffer sizes can be
seen. In this configuration, the maximum number of the nodes for the topology is
assumed sixteen with a data width of eight. The buffer depth is swept from four to 64
which would be adequate for many applications. The results are represented for three

different 1/O channel count namely, two, four and eight.
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5.2. Network Generation and Implementation Results of Some Example

Networks

Parameters that are necessary for generating a scalable and configurable network

can be listed as follows:

e The node degree of the network: The node degree can be defined as the number
of the links per node of the network.

e The diameter of the network: The greatest distance across the network from one
node to another node in the network.

e And finally, the third parameter is the number of nodes.

5.2.1. Ring Network Generation

The general characteristics of the ring networks can be defined as follows: If the
number of the nodes in the network is N, then the diameter of the network is given
by N/2 and degree of the network is given as two. The illustration for generating

parametric scalable ring networks is shown in Figure 5.4.

i-1 th
node (mod N)

N

Figure 5.4. llustration for Generating Ring Networks

i+1th
node (mod N)

5.2.2. Torus Network Generation

The torus network can be defined by number of rows and columns in the network.
If the number of the rows is R and number of the columns is C, then the number of
nodes in the network is RxC. The diameter of the network is maz(R/2,C/2). Degree of
the network is four. The illustration for generating parametric torus networks is given

in Figure 5.5.
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Figure 5.5. Hlustration for Generating Torus Networks

5.2.3. Mesh Network Generation

The mesh network topology is similar to torus except the additional toroidal
connections which extends the reachability in torus networks. Again mesh networks
can be defined by number of rows and columns in the network. If the number of the
rows is R and number of the columns is C, then the number of nodes in the network
is RxC. The diameter of the network is (R+C-2). Degree of the network is two for
the nodes at the edge of the network, three for the nodes, which are on the boundary
rows and columns and four for the intermediate nodes. The illustration for generating

parametric mesh networks is given in Figure 5.6.

For each example, the parameters for the network is kept in a VHDL package
file and the design in VHDL is done by using the generate statements for achieving

scalability.
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Figure 5.6. Hlustration for Generating Mesh Networks

5.3. Simulation and Performance Results of an Example Network

5.3.1. Performance Parameters for NoCs

The most important evaluation parameters for NoCs are latency, throughput and
area as pointed in [30], [3] and [2]. In this section some results for latency and through-
put of the router for an example NoC simulation setup is described. Throughput, also
equal to flit! injection ratio, is defined as

TP — (total_message_completed)z(message_length)

5.1

(number_of nodes)x(total _time) (5.1)
and given in flits/cycles/node in results. Latency is the total fly time of a packet or
flit from its destination to source. For the simulation results latency is given in clock

cycles.

lit is the acronym for 'flow control digit’ and is the smaller part of a data packet.
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5.3.2. Simulation Setup

The simulations are done on ModelSim 6.2f suite. The test network is a 4-node
grid connected network as shown in Figure 5.7. Every router in each node has 2 I/O
channels, 32 word deep 1/0 buffers and the data width is 32-bit wide. The processing
elements are represented by a simulation test-bench. There are one write and one read

processes as each processing element and the packets come from the text files.

PETB PETB

PE TB PE TB
4 A
PACKET IN PACKET LATENCY
FILE OUT FILE OUT FILE

Figure 5.7. Example Simulation Setup for a Four Node NoC

Every test node behaves as pseudo processing element and inserts the packets by

reading from the input file and putting some delay between each packet and marking
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the insertion time of the packet in cycles and admits data from the router writes to the
output file and calculates the header and full packet latency of that packet and writes
to another associated file. The test packet structure is shown in Figure 5.8. Each flit
in the packet is 32-bit. The header packet contains destination address for routing
information and the source address possibly would be needed at the receiving node for
information. The second flit carries the injection cycle of the packet and the admission

cycle of the packet is written on the third flit area when receiving the packet.

Header Flit Injection cycle Admission cycle Payload
Src. \Dest.| | 0
Addr. |Addr.
2-bit  2-bit 32-bit 32-bit

Figure 5.8. Example Packet Structure for Simulation

For traffic pattern, the bit-rotate method is chosen. In this traffic model, each
node sends its packets to the another router with the address of 1-bit rotated form of

its own address. For the test network, the routes are; 00->00, 01->10, 10->01, 11->11.

From the simulations on the four node test network, it is seen that minimum
header latency is 10 clock cycles for the router. 31-flit long packets are used for simula-
tion and the resulted injection ratio is 0.82 flits/cycle/node in average. For a 100MHz
clock frequency this yields to 2.44 GBit/sec. The average header latency is 17 cycles

and average full packet latency is 48 cycles.

A similar performance simulation test is done for 4x4 torus and 4x4 mesh networks
also. Again bit rotate method is chosen as traffic load pattern. For a 100MHz clock
and 32 bit data width, maximum theoretical bandwidth for each of the sixteen nodes
in the network can be 400 MByte/sec [22]. According to results from experiments, the
maximum bandwidth achieved for AFRONOC is 320 MByte/sec which means 80% of

the maximum theoretical bandwidth. At maximum flit injection ratio, which is 0.8
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flit/cycle/node, the average head flit latency is 83 clock cycles for 4x4 mesh network
and 87 clock cycles for 4x4 torus network while the minimum head flit latency is 20

clock cycles for both topologies.

Also the initialization times for adaptive routers could be another criteria for
evaluation. It is useful to understand the impact of the network size on the adaptation
algorithm for considering the router in terms of scalability. The graph in Figure 5.9
shows the change of the initialization times with respect to the number of nodes in the
network for mesh and torus topologies. The behavior of the change in Figure 5.9 is

close to a linear behavior, which brings and advantage in terms of scalability.

8000
7000 7 ——Mesh
6000 - —=—Torus
5000 -
4000 -
3000 -
2000 -
1000 -

0

Initialization Time (Cycle)

2x2 3x3 4x4 5x5 6x6
Network Size

Figure 5.9. Impact of the Network Size on the Adaptation Algorithm

These initialization times are reasonable when compared to total working time
of the network. For a 100MHz clock frequency, initialization time for sixteen node
torus is 6 wps nearly, which can be regarded as a short time when compared to long
reconfiguration times of the tables as in [22], made by an complex OS, in [21] and [38].
A direct comparison can not be made as no numeric values are specified in the related

works. A waveform from Modelsim to measure initialization time of the network is
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given in Figure 5.10 for four node test network.

In Figure 5.10, the CHMC and ACMT RAMs are shown. The CMHC values
show the distance of the each node from the other nodes. For example for router2,
{1 —2—3 — 1} means that the distance from router0 is 1 hop, from routerl is 2 hops
and from router3 is 1 hop. The current minimum hop count value from itself remains
unchanged as three and not used for routing information in routing algorithm. The
ACMT RAM values are for each output channel. Again for router2 the first RAM is
for output channel0 and value {1 — 1 — 1 — 0} means that this channel is a suitable
route for addresses 0,1 and 2 and not a good route for destination router with address
3. The time from the reset of the network and to the end of the table update process is
1665ns which yields nearly 167 clock cycles for the 100MHz clock used for the example
in Figure 5.10. The initialization time values are practically shorter when compared to
this example in which the whole network map is completed on the routing tables. That
is, as soon as a minimum of 1 path is found for each router to the any other router
in the network, the connectivity of the network is said to be established and the data
routing can start after that time point. The remaining paths are alternatives and they
help to shorten the latency values by providing more choice for a given routing task.
For the example described above, the practical initialization time is 30 cycles which
results with 300ns initialization time for 100MHz operating frequency. This practical
initialization time measurement is also verified by controlling the correctness of the

packet delivery after initialization of the network for any measured initialization time.
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6. DISCUSSION AND COMPARISONS

The work on reconfigurable, adaptive and flexible router design is an emerging
topic. The importance of run-time reconfigurable NoCs and related research points
are mentioned in [39] where meeting the application demands in run-time is stated
as the most important problem for reconfigurable NoCs, such as deciding on how to
reconfigure a NoC system fully or how to configure just the routing tables according to
the changing application needs in run-time. So fast and accurate adaptation of routing
tables to the run-time changes becomes crucial in order to achieve correct routing
tables in short time during run-time changes in the network. One of the studies done
on this subject is represented in [22]. A topology adaptive router design which provides
support for irregular topologies and some sample network implementations is described
in [22]. The table update mechanism is achieved with the aid of a Linux based central
operating system which makes the system design complex and reduces the scalability
when compared to the work represented in this paper. The area occupation of a
single router in [22] is comparable to AFRONOC where our distributed table update
mechanism comes with nearly 25 % area overhead. The table update times is not
mentioned clearly in [22], the only point mentioned in the paper is that it takes much

more than a few clock cycles which is achieved in our work.

Even though flexible and adaptive NoC router design is still a hot topic, there
is not so much work in literature in order to make a comparison in terms of the table
update mechanisms and initialization times. To make a comparison, reconfiguration
based update methods can be considered such as [40] where a self reconfiguration
method is described. In order to illustrate the situation, an example can be, comparing
the table update time for a 2x2 mesh topology designed in the scope of this work. By
using the reconfiguration method in [40], it takes 345us for configuring the tables of the
2x2 mesh network in a Spartan3s5000 device for a 50MHz clock rate. Also there is a
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need for a central logic and RAM space in order to keep the table entries and reconfigure
them at same time with the method in [40]. It takes just 0.6us for initializing the
tables of the same network for the same clock frequency with the method proposed
for AFRONOC and there is no need for a central unit and the network topology need
not be known during run-time. Reconfiguration based methods require special effort
on the placement of the modules for achieving efficient reconfiguration performance.
With the proposed novel stand-alone table update mechanism and parameterizable
flexible architecture, AFRONOC router is suitable for fast prototyping and provides a
topology-free design stage which will help to fill the design productivity gap.



60

7. CONCLUSIONS AND FUTURE WORK

In this thesis, a flexible and configurable router architecture is proposed for net-
work on chip solutions, which has the important capability of adaptivity to changing
network topologies. The novel adaptation and routing algorithm presented in the scope
of this work is inspired from the well-known link state routing for general dynamic net-
works and so gives a general solution for the routing of NoCs and independency from
the topology of the network. This makes the router stand-alone and independent from
an outer central monitoring or controlling unit, which is offered as general solutions for
such routers in literature. So with these characteristics, the designed router is suitable
for both regular and irregular topologies and offers an infrastructure for reconfigurable

network on chips in both run time and compile time.

As design goals, it is aimed to have as small as possible area overhead while keep-
ing the flexibility and adaptivity of the router at a reasonable level. This is achieved by
the implementation of proposed algorithms and architectures in an area-aware manner
such as the design of address-channel match tables and control flow mechanisms of the
router. A trade-off between the flexibility, adaptivity and area overhead is done in the
choice of input-output buffering, routing and control flow mechanism. While wormhole
flow control with virtual channels offers some advantages such as more immunity to
deadlocks and head of line blocking problems, it comes with much more complex con-
trol schemes and hence area overhead. The avoidance from head of line blocking and
deadlock problems is tried to be minimized by both input and output buffering which
yields more space for keeping more messages in the network at the same time. This also
brings some level of area overhead. However with the simple control flow mechanisms
such as virtual cut through and store and forward, together with the implemented com-
pact address channel match table, which keeps a compressed-like routing information,

this area overhead is tried to be compensated.
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By means of general network on chip evaluation parameters, the throughput rates
are competitive to prior work while area occupation is in acceptable boundaries when
compared to the previous similar works in literature. Latency values extracted from
some simple test evaluations are also acceptable when compared to the similar works

in literature.

For the future work, it is aimed to evaluate the design on some real or pseudo
applications which should be realized and run on FPGAs. Moreover, these applica-
tions can be synthesized onto ASIC hardware. This will provide much more accurate
results in means of area latency and throughput. Moreover it will be possible to in-
vestigate the design from the power consumption view. From the architectural view,
to gain an understanding on reconfiguration and initialization times, an infrastructure
that provides configuration of hard wires can be added to the router architecture for
connections to the source processing nodes. By this way a comparison and study can
be done on reconfiguration times of hard-wires and initialization times of tables in real
applications. Another important issue is the synchronization of all nodes. For the ar-
chitecture proposed, a single clock is used for simplicity however globally asynchronous
locally synchronous structures also is an issue of interest in future SoC designs. So
such an architecture may be adapted to present design by making each router in a
separate synchronous clock domain and make the source nodes remain in their own
clock domain. These issues are open for research and will be investigated as future

work.
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APPENDIX A: THE CONFIGURATION SETTINGS FOR
THE ROUTER

The parameter configuration package file is shown in Figure A.1. The VHDL

declaration for the router is shown in Figure A.2.

4
5
&
7
&

package routerparams_pkg is

constant WIDTH_A

constant DATA WIDTH

constant DEPTH_BITS

constant WIDTH_TIN_CHN

constant WIDTH_OUT_CHN

constant MYADDRESS

natural = 2; -— WIDTH of node adresses in network
-— 2"WIDTH A = table ram depth
-— )DR" in Table 3.1

natural 1= 3Z; -— Phsysic connection data width
-— "WDATA" in Table 3.1

natural = 5; —-— Depth of input output buffers

—— "BUFDEPTH" in Table 3.1

natural = 1; -— # OF input channels = 2”"WIDTH_IN_CHN-1
-— "WIC" in Table 3.1

natural = 1; -— # OF output channels = 2""WIDTH_OUT_ CHN-1
-— "WOC" in Table 3.1

natural := 0; —-— Rdress of the router

natural := 5; -— New hello packet insertion period.

constant HELLO REFRESH FREQ:

constant TIMETOLIVE

end routerparams_pkg;

natural = 3; -— timetol

e for wvalue for hello packets.

Figure A.1. Configuration Parameters For the Router

use work.routerparams pkg.all;
entity conf_ router top 1is
port |
CLE
RST

HELLC IN
hello req_in
hello ack in

HELLO OUT
hello regq_out
hello ack_out

reguest_in
IN_CHANNELS
ack_out

ack in
reguest_out
OUT_CHANNELS

DATA SRC_out
reg_out_src
ack_in src

DATZ SRC in
req in src
ack _out_src

)i

end conf_ router top;

in
in

in
in
in

out
out
out

in
in
out

in
out
out

out
out
in

in
in
out

(2**WIDTH COUT_CHN)*WIDTH A-1 downto 0); -- from upstream
(2**WIDTH_CUT_CHN-1 downto 0} —-- router
(2**WIDTH IN CHN-1 downto 0);

({(2**WIDTH_IN CHN)*WIDTH &-1 downto 0); -- to downstream
2%*WIDTH_IN CHN-1 downto O): -- router
2%*WIDTH_OUT_CHN-1 downto 0);

std 2#**WIDTH IN CHN - 1 downto 0); --from upstream router

E (2**WIDTH_IN_CHN)*DATA WIDTH - 1 downto 0);

std 2**WIDTH _IN CHN - 1 downto 0); —- to upstream rou
(2**WIDTH OUT_CHN-1 downto 0); --from downstream router

st 2*=*WIDTH OUT_CHN-1 downto Q); -- TO UDSTream router

or [ (2#*WIDTH_OUT_CHN) *DATA WIDTH-1 downto 0);:

or (DATR WIDTH - 1 downto 0); —-— to 3ource

H o

or (DATR WIDTH - 1 downto 0);

Figure A.2. VHDL Declaration of the Router Entity
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To change the related parameters, one should make the appropriate changes on

the related fields.
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APPENDIX B: RELATED PAPERS

In the scope of the thesis work the following paper has already been submitted

for publishing some of the results:

0. Cogal and A. Yurdakul, ”AFRONOC: Adaptive Flexible Router Design For
Ad-Hoc NoCs”, DATE Conference, Dresden, Germany, Mar. 2010.
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