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ABSTRACT

Abstract

Today with the advent of new very-large-scale integration processing technologies,
network on chip with its high performance and scalable alternative to the system on chip
architecture, is considered as a promising solution to achieve faster time to market, reduced
costs and flexible solutions. However, present day embedded multimedia applications are
becoming more computational intensive due to the large number of integrated functions. Often,
such applications are mapped onto mobile systems that need to operate with low energy
consumption, but the focus is not on the implementation of one single application on the many-
core platforms, but using a single-die that supports multi-application scenarios. Due to that the
mapping strategies that map the application tasks on the chip should minimize the energy
consumption of multiple parallel applications under timing constraints.

Indeed, genetic algorithms are widely used to solve problems in complex system for its
easiest implementation and achievability of global optimum with a proper approximate solution,
but quantum-inspired evolutionary algorithms have been surpassing the classical algorithms for
their abilities to solve problems of polynomial-time that is considered it as impossible to be
solved but with million years while their advantage is to balance between exploration and
exploitation of the solution space and also obtain better solutions, even with a small population.

On the other hand, cellular automata are dynamic systems where one of their main
characteristics is the transition rules that are represented by a very simple structure but the
results of its overall behavior can be very complex. Cellular automata simplicity and rigorous
mathematical model are the reason for being strongly favorites to be used in complex system,
especially in regular network on chips, where a large number of processors are embedded onto a
single die and should support high throughput, low latency and data communication under
timing constraints. For that, in our thesis we study how quantum genetic algorithms can evolve
cellular automata to optimize the dynamic energy consumption in regular network on chip at a

system level where each transition rule represents a chromosome that is allowing an automatic
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ABSTRACT

programming of the new transition rules. We show that quantum evolutionary cellular automata
algorithm is a very promising technique that is stimulating the process of discovering the
effective rules that leads to better fitness functions. In our work, we optimize the dynamic
energy consumption in regular network on chip whereas the estimation of the energy
consumption takes into account both dynamic and static.

Keywords:

Energy consumption, multimedia application, network on chip, cellular automata,

heuristics, mapping, quantum genetic algorithm.
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RESUME

Résume

Aujourd'hui, avec l'avénement de nouvelles technologies d'intégration a tres grande
échelle, les réseaux sur puce sont considérés comme une solution prometteuse, offrant des codts
réduits et une haute flexibilité et performance par rapport aux systemes sur puce a bus.
Cependant, les applications multimédia actuelles intégrées sont de plus en plus de calcul intensif
en raison du grand nombre de fonctions intégrées. Ces applications sont souvent mappés sur des
systemes mobiles qui doivent fonctionner a faible consommation d'énergie, mais l'accent est
non pas mis sur la mise en ceuvre d'une seule application sur des plates-formes multi-cceurs,
mais en utilisant une seule puce qui prend en charge des scénarios multi-applications ainsi que
les stratégies du mapping projetant les taches d'application sur la puce devraient réduire au
maximum la consommation d'énergie sous contraintes temporelles.

En effet, les algorithmes génétiques sont largement utilisés pour résoudre des probléemes
complexes pour leurs mises en ceuvre faciles et la réalisabilité de I'optimum global avec une
solution approchée correcte, mais les algorithmes évolutionnaires inspirés de la quantique ont
surpasses les algorithmes évolutionnaires classiques pour leurs capacités de résoudre des
problémes complexes dans un temps polynomial est d'équilibrer entre I'exploration et
I'exploitation de I'espace de solution et obtenir également de meilleures solutions, méme avec
une petite population.

De I’autre coté, les automates cellulaires sont des systemes dynamiques ou l'une de leurs
principales caractéristiques est la régle de transition qui est représentée par une structure trés
simple, mais le résultat de leurs comportements globaux peut étre trés complexe. La simplicité
des automates cellulaires et le modele mathématique rigoureux sur lequel sont fondés sont les
raisons d'étre fortement favoris pour étre utilisé dans les systemes complexes et en particulier
dans les réseaux sur puce, ou un grand nombre de processeurs sont intégrés sur une seule puce
qui devrait supporter un débit élevé, une faible latence et une communication de données sous

contraintes temporelles et énergétiques. Pour cela, dans le contexte de notre thése, nous étudions
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RESUME

comment les algorithmes génétiques quantiques peuvent évoluer les automates cellulaires pour
optimiser la consommation d'énergie pour les applications multimédia sur réseau sur puce a
topologie Mesh 2D ou chaque regle de transition représente un chromosome qui permet une
programmation automatique des nouvelles reégles de transition. Nous montrons que les
automates cellulaires évolutionnaires quantiques est une technique favorable qui stimule le
processus de découverte de régles efficaces qui conduisent a une meilleure fonction de fitness.
Dans notre travail, nous nous somme intéressés par 1’optimisation de la consommation
d’énergie dynamique bien que I’estimation prenne en compte la consommation d’énergies
dynamique et statique.

Mot cles :

Consommation énergétique, applications multimédia, Réseaux sur puce (NoC), automate

cellulaire, heuristique, mapping, algorithmes génétiques quantiques.
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ANOTATION AND ABBREVIATIONS

Notation and abbreviations

Notation Details

ITRS International Technology Roadmap for Semiconductors

CA cellular automaton

QECA guantum evolutionary cellular automata

MMS multimedia system

auto-indust automotive industrial

NoC Network on Chip

SoC System on Chip

IC integrated circuit

IP intellectual property

DSM deep submicron-meter

NI NETWORK INTERFACE

VCs virtual channels

CDG channel dependency graph

MIT Massachusetts Institute of Technology

MIPS Microprocessor Without Interlocked Pipeline Stages

BE best-effort

GT guaranteed throughput

TDN Temporally Disjoint Networks

SPIN Scalable Programmable Integrated Network

CHAIN CHip Area Interconnect

MANGO Message-passing Asynchronous Network-on-chip providing Guaranteed
services over OCP interfaces

GS guaranteed services

MoC Models of Computation

KPN Kahn process networks

SDF Synchronous Data Flow

J joule

mks meter-kg-second

PTM Predictive Technology Model

RTL Register-transfer level

HLS High-level synthesis

MCBCG Model Checking Based Sequential Clock Gating

PMU Power Management Unit
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ANOTATION AND ABBREVIATIONS

Notation Details

CMP Chip Multi-processor

DVFS Dynamic Voltage and Frequency Scaling

TFETs Tunnel Field Effect Transistors

PNC power-efficient network calculus-based

ABB adaptive body biasing

SCC Single-Chip Cloud Computer

VFI Voltage/Frequency Islands

OP operating point

VHSIC Hardware Description Language

TLM transaction-level modeling

TG task graphs

CTG communication task graphs

CWG communication weight graphs

CRG communication resources graph

ATG annotated task graphs

SDFG /ADFG synchronous and asynchronous data flow graphs

PN Petri Networks

KPN Kahn Process Networks

DOL Distributed Operation Layer

MILP mixed-integer linear programming

PE processing element

VNS Variable neighborhood search

EAs Evolutionary algorithms

LISP Locator/identifier separation protocol

C-NOT Controlled-NOT gate

Qubit Quantum bit

Cl initial configuration

NP Nondeterministic polynomial time (Class of computational problems for
which a given solution can be verified as a solution in polynomial time by a
deterministic Turing machine.

NP-hard Class of problems which are at least as hard as the hardest problems in NP.
Problems that are NP-hard do not have to be elements of NP; indeed, they
may not even be decidable.

DAGs directed acyclic graphs

CTG communication task graphs

CAN controller area network

PWM pulse width modulation

IR infinite impulse response

iDCT filter and an inverse discrete cosine transform

FIR finite impulse response

FFT fast fourier transform

iFFT inverse fast fourier transform

APCGs Application Characterization Graphs

ID destination identity

RRA based deadlock based deadlock factor randomized routing algorithm

QGA Quantum genetic algorithm
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

1. Thesis context

An embedded system is a computer system with a dedicated function within a larger
mechanical or electrical system, often with real-time computing constraints. It is embedded as
part of a complete device often including hardware and mechanical parts. Embedded systems
control many devices in common use today, and many architectures have been proposed such as
System on Chip (SoC) and Network on Chip (NoC).

SoC designs provide the designers to integrate numbers of Intellectual Properties (IP)
blocks together. But with the rapid advance of semiconductor technology, the complexity of
such SoC increases as a result. By the end of this decade, a single chip will accommodate up to
1-billion transistors. Thus, the number of IPs in SoC designs can scale from a few dozens to
several hundreds.

One of the challenges in the billion-transistor era is the communication infrastructure
between heterogeneous core having different characteristics. The interconnection in current SoC
based embedded system for connecting IPs is typically dedicated wires or shared buses. The
dedicated wiring approach provides the best communication performance, but it design has poor
reusability and scalability. Furthermore, the wire latency significantly affects the reliability of

the systems when the system complexity increases and the feature size decreases. The shared
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bus architecture provides a pool of bandwidth among all the cores in the system. However the
shared bus limits the growth of the system complexity. To deal with the interconnect problems
in SoC chips, a new technology has been developed. NoC with regular tile-based architectures
has been proposed.

NoC technology is often called “a front-end solution to a back-end problem.” As
semiconductor transistor dimensions shrink and increasing amounts of IP block functions are
added to a chip, the physical infrastructure that carries data on the chip and guarantees quality of

service begins to crumble [183].

2. Problem definition

In modern application embedded systems, the performance constraints need to be satisfied
according to the number of computational elements supported by the system. Old buses are no
more a solution for streaming multimedia applications. The network on chip is the high
performance and scalable alternative to the system on chip architecture. However, such systems
are usually operated by self-source power like batteries, so to increase the operating time, a
minimization of the energy consumption during their design is required.

Multimedia applications are soft real-time systems, where the application task graph is
defined by its period and each task is defined by a deadline, to meet the timing constraints, the
period of those systems mustn’t be exceeded while the task’s deadline can be missed with a
given threshold in such a way that the quality of streaming multimedia are not degraded, and
due to that, a scheduling algorithm is needed. Modern chips have several cores embedded on
them and designed to achieve optimal power-performance. Each task running on these cores
varies with performances such as energy consumption and latency, which are required to
complete the execution of an assigned task. Two components constitute a network on chip
power dissipation; dynamic switching power and static or the leakage power.

The following scheme represents the relative delay for local and global wires and for
logic gates in the technologies of the near future as it is predicted by the International
Technology Roadmap for Semiconductors (ITRS), that indicates the rapid increase in the
interconnect performance.

In Figure 2, it has been seen that at processing technologies until 90 nm, the dynamic
power is the major power consuming component, but at technologies below 90nm, this leakage
power begins to build up, due to the fact that at lower technologies the supply voltage and
thereby the threshold voltage is also reduced consequently. The increasing of the number of

cores on a single chip leads to the issue of energy consumption, whereas the change of the
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workload conditions can cause bungling of the power dissipation, resulting in the temperature

hotspots. The hotspots can in turn degrade the performance and the lifetime of the chip.
100
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Figure 1.  The essence of the embedded system.[49]
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Figure 2. 2001, 2002 ITRS prediction of static and dynamic power dissipation trends.[49]

Therefore, the power management is a key issue towards the optimization of the
performances in NoC. Many researches have been done in order to minimize the energy
consumption at the system level of the self battery-operated devices such as efficient scheduling
and dynamic voltage frequency scaling. Also the application mapping that determines the
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assigning of multimedia application tasks to the network on chip tiles in such a way that the
energy consumption is optimized is considered as non-deterministic polynomial-time hard (NP-
hard) problem where the search space of the problem increases factorially with the system size
and due to that an effective optimization algorithm is required. The choice of the most
appropriate algorithm is a critical issue because an optimal mapping may enhance the network
on chip performance up to 60%. For that many heuristic algorithms are designed to find a near
optimal mapping such as list scheduling, clustering scheduling algorithms, or critical path-based
heuristics were developed, but those algorithms are non- scalable and deterministic and that
what make them not privilege to improve the system performance. Due to that stochastic global
search technique that produce high quality solution are needed, for that the based bio-inspired
methods has been used to solve scheduling problems such as genetic algorithms, neural
networks, and simulated annealing. However, the use of genetic algorithms improve many
advantages such as the easiest implementation and achievability of global optimum with a
proper approximate solution, but they still the subject of intensive study to improve their
performances for many problems such as using an old instance of populations or the complete
population is impossible; general knowledge about previous solutions cannot be used. A new
searching process must be started from the beginning by creating an initial random population
of potential solutions. Also, another problem of using genetic algorithms is related to crossover
and mutation where the chromosome represents one of the mapping solutions so the number of
tasks and network on chip dimension are demanded before starting because their sizes represent
the chromosome size so adding or removing tasks leads to chromosome change, and that will
affect the results obtained from genetic algorithms operators (crossover and mutation). So
instead of re-mapping many times, a fixed chromosome size that will be suitable for any
application is needed. Also, after many crossovers and mutations, the new individuals will be
adjusted to be suitable and accepted as a new mapping solution. And also the classical
chromosomes are weak in representing the population diversity. From a side, quantum
computing has been surpassing classical computers for its ability to solve problems of
polynomial-time that classical computers considered it as impossible to be solved unless with
million years. Recently, the growing theoretical and practical interest is devoted to research on
quantum computing and quantum computers and due to that many quantum computing
algorithms have been developed, such as Shors factorizing algorithm, were explored, quantum
search algorithm and quantum genetic algorithm. And from another side, a cellular automaton
(CA) presents a highly parallel and distributed system of locally interacting units which are able

to produce a global behavior. CA can be considered as a model of naturally existing systems
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produced by natural evolution. Such systems are capable of producing globally coordinated
information processing, unguided by any global criterion or central control. Information
processing capabilities of such systems are not explicitly represented in their components, but
rather in their interconnections. These capabilities are more powerful than the ones done by
elementary components or their combinations. For these reasons, CA has been used to model
different physical and biological phenomena such as fluid flow, galaxy formation, avalanches,
earthquakes, growth of stony corals, and other biological and physical pattern formations and in
the recent year, CA have been used as a simulation model to solve the problem of embedded

system such as allocation and scheduling of multimedia tasks.

3. Contributions

The main contribution of our thesis is related to the solving of the Multimedia
applications mapping; the scheduling and the routing problems on regular network on chip
based on quantum evolutionary cellular automata (QECA). Firstly an implementation of the
classical genetic algorithm and the evolutionary cellular automata are done under the same
assumption in order to make a comparison with the proposed solution that is applied on the
mapping, and the scheduling of multimedia application tasks onto NoC tiles, and also, it is
applied on the routing of the messages transmitted between those cores. The QECA method is
based on the concept and principles of quantum computing, such as quantum bits, quantum
gates and superposition of states. Thus, the mechanism of the QECA method can inherently
treat the balance between exploration and exploitation where each Q-bit individual can
represent and explore all possible states and drive it to exploit a single state. The use of quantum
bit representation leads to better population diversity compared with the classical bit
representations while the use of quantum gate drive the population towards the best solution.

Also in our research, we introduce a novel algorithm to avoid deadlock and live-lock in
order to guarantee a greater throughput in randomized routing algorithm for 2D mesh network
on chip. The proposed idea leads us to achieve low communication latency by minimizing the
flits wait time in buffers and links. We called this algorithm a based deadlock factor randomized
routing algorithm. This algorithm is implemented and the results obtained are compared with
the old randomized routing algorithm. We had also proposed an idea to minimize the packet
wait time in processor, we used the mapping per stage or in other way the mapping of tasks
based on their priorities. This mapping ensures that each task is implemented onto a different
processor to eliminate the waiting time. But in the case where there is unmapped task and all

processors are allocated by other tasks and those tasks have the same priority, the occupancy of
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each processor is computed and the unmapped task is mapped onto the processor that have a
minimal occupancy.

We had proposed a new algorithm in dynamic voltage and frequency scaling that defines
the voltage change point for the processor based on the allocated task workload. A change point
IS where the processor can change its voltage level during the allocated task execution time to
achieve an end to end deadline and save the power.

4. Thesis overview

The thesis is organized as follows:

In chapterl, we will give an overview of activities in the field. We will first define the
embedded system with its different architecture and in order to avoid the wide range of topics
relevant to large scale IC design in general, we stated the motivation for network on chip and
will give an introduction of the basic concepts.

Chapter 2 will put the light on understanding the concepts of energy-efficient embedded
computing. In the first section, we will define the model of computation with many examples
used in literature and then we will introduce simple models to estimate the latency of the system
and energy consumption of different tasks. This gives the reader an indication of what are the
components that consume the energy. Since the energy consumption depends very much on the
considered technology, we assume a hypothetical 180 nm CMOS VLSI technology as the
reference for the estimation. The last section of this chapter focuses on the system level based
power reduction techniques.

In chapter 3, we will present a state of art of the optimization algorithms that are the most
used in literature, and especially those based on network on chip.

In chapter 4, we will detail our proposed solution, and taking as case studies two multi-
applications: the multimedia system (MMS) and the automotive industrial (auto-indust) on 2D
mesh 5x5 network on chip.

We finish this manuscript with a conclusion that is divided into two parts, where the first
is a conclusion that summarize the results obtained from discussing the ideas proposed in the

thesis, and the second part represents the perspectives which will be dealt as future works.
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CHAPTER |

NETWORK ON CHIP

1. Introduction

Network on Chip (NoC) provides an effective, reliable and flexible infrastructure for
system modules based on data packet transmission scheme. It has become an effective solution
to overcome the problems of global interconnection and communication in complex System on
Chip (SoC) designs [1]. For NoC, the energy consumption, the latency and the routing are the
important criteria to work on for achieving a better performance of NoC network
communication. This chapter is organized in three sections. Section 2 introduces the embedded
system concepts with different types and different architecture and the real-time embedded
system. Section 3 defines the NoC with its switching techniques and routing algorithms. In
section 4, we end the chapter by a conclusion throughout defining the most used developed

NoC examples.
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2. Embedded System

2.1 The concept of the system

What is a System? A system can be defined as a functionality of a set of programs that
have structured behaviours, where the system inputs are analyzed in order to produce the system

outputs.

2.2 Embedded system definition

According to Wayne Wolf, “An Embedded System is a computing system other than
desktop computers”. An embedded system is a combination of computer hardware (HW) with
software (SW) that are embedded in order to perform a specific function (not computational)
where the computer is a dedicated-purpose computer system designed to control or support the

operation of a larger technical system.

User interface

............................................

.............................................

Link to other systms

Figure 1.1. The embedded system diagram.

The embedded system was adopted in the industrial environment for its user’s expectation
satisfaction where many functions was achieved, such as the data compression or
decompression in the field of transforming the information also in the field of monitoring and
controlling the environments from different actions like processing and generated command by

reading and displaying the system inputs.
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2.3 Embedded system types

According to Koopman [3], there are 4 types of embedded systems, we distinguish:

2.3.1 General computing

- Applications similar to desktop computing, but in an embedded package.

- Video games, set-top boxes, wearable computers, automatic tellers.

2.3.2 Control system

- Closed-loop feedback control of real-time system.

- Vebhicle engines, chemical processed, nuclear power, fight control.

2.3.3 Signal processing

- Computation involving large data streams.

- Radar, sonar, video compression.

2.3.4 Communication and networking

- Switching and information transmission.

- Telephone system, Internet.

2.4 Main characteristic

An embedded system is called independent if the needed materials such as processors,
memory, I/O and programs that control the functionalities of those materials during any
execution are available, also it should contains a power source. In another way, the embedded
system should a self independent. In the following, we introduce many common characteristics

that define all Embedded Systems.

2.4.1 Dedicated functions

An Embedded System can execute a dedicated function repeatedly so the use of general-
purpose may not be possible, an example of embedded systems that are Microwave oven,
Mobile phone, ATMs, Car braking systems, Automobile cruise controllers, Modem, Network
cards and many more. Many constraints are related to the applications executed on embedded
systems that must be considered in the design phase in order to implement a robust system,
those constraints are:

- constraint of memory space

- constraint of power consumption
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- real-time requirements

- Manufacturing cost.

2.4.2 Real-time operation

The embedded system computation depends on the timing constrained at which the result

is delivered. In the literature, two techniques are used to satisfy those timing constraints:

2.4.3 Monolithic developments

The monolithic techniques are developed in low-level language, they are based on a
single program that is responsible for the functionality of the system. The timing constraints are

guaranteed via integrated the monolithic development program during the design phase.

2.4.4 Real-time operating system

RTOS provide to developers many techniques used in the real time programming such as:
priority scheduling. RTOS allows high level techniques such as rate monotonic (RM), deadlock

monotonic (DM).

2.4.5 Reactive operation

In any embedded system, the reactivity should be integrated in such a way that the worst-
case conditions are considered during the execution in order to face any external events

occurring during non predictable intervals.

2.4.6 Configurability

During execution, some functionality is only needed for that a system should be flexible
so a specific application and hardware is provided while selecting only the necessary modules to
be loaded.

2.4.7 Streamlined protection mechanisms

It requires limited protection because tested software can be assumed to be reliable

2.4.8 Direct use of interrupts

where:
- Allowing the user process to use interrupts directly.
- No need to go through interrupts service routines.

- Having efficient control over a variety of devices.
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2.5 Real-time system

In technical control systems, each application is defined by a set of process or scenarios.
According to [11], a process is the totality of activities in a system that influenced by each other
and by external factors such as materials, energy, or transforming, transporting or storing the
information. The basic element of a process is the task that represents the elementary and
atomic entity of parallel execution. The task concept is fundamental for asynchronous
programming which is concerned with the execution of a program in a computing system
during the lifetime of a process. Control systems should be considered in terms of tasks with
their natural properties that is called the real-time behaviour where each one is expressed by its
deadline and its period and not by artificially assigned priorities.

Real-time systems are classified into soft real-time and hard real-time, the first allows a
deadline miss that lead to a significant loss, whereas the deadline miss in hard real-time is
catastrophic (the behaviour is shown in the following figure), for that a system behaviour
predictability is needed in both classes. Predictability is often achieved by either static or
dynamic scheduling of real-time tasks to achieve end to end deadlines. Static (or off line)
scheduling is done at compile time, whereas dynamic scheduling (online) is done at the
execution time where the scheduling decision are taken based on many tests done during the
execution time of the task to achieve its end to end deadline.

Penality for the
misseii deadline

Hard real-time

Soft real-time

Time of termination
> ofatask

Deadline

Figure 1.2. Soft versus hard real-time temporal behavioral.

2.5.1 Real-time scheduling techniques

The scheduling process is what determines the order of the execution of tasks; as we

mentioned before that they can be classified into static-priority scheduling and dynamic-priority
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scheduling, in the following we define few popular algorithms for scheduling processes with

real-time constraints.

a. Rate monotonic (RM)

RM is an optimal static-priority scheduling technique where the priorities are assigned
according to the defined period for that a task with a shorter period has a higher priority and the
execution order start from the task with the shortest period. Real-time system is schedulable

under RM if and only if:

> U, <n(2" -1 @
Ui is the processor occupancy by the task i and n in the number of tasks.

b. Deadlock monotonic (DM)

DM is an optimal dynamic priority scheduling technique that assigns to each task a
priority based on the shorter task. During execution the scheduling order privilege the task with
the earliest deadline. Real-time system is schedulable under EDF if and only if

T U, <1 @)

Where u | is the processor occupancy by the task i

However, the rate monotonic scheduling technique has a simpler implementation, even on
systems without explicit support for timing constraints (periods, deadlines), and offers a best
predictability for the highest priority tasks whereas earliest deadline first is a full processor

utilization with misbehaviour during overload conditions.
2.6 Embedded system different architectures

2.6.1 System on chip
System on Chip (SoC) [4] [5] is an integrated circuit (IC) that integrates all components

of a computer or other electronic system into a single chip. It is a collection of all components
and subcomponents of a system onto a single chip. SoC design allows high performance, good
process technology, miniaturization, efficient battery life time and cost sensitivities. This
revolution in design had been used by many designers of complex chips, as the performance,
power consumption, cost, and size advantages of using the highest level of integration made
available have proven to be extremely important for many designs.
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SoC designed with new strategies to reuse the existing implemented productivities and it
is named intellectual property (IP cores). Thus, the reuse of the IP cores with HW/SW co-design
strategies are adopted as a technique to reduce the productivity gap, the design costs and the

time-to-market.

a. System on chip interconnections

To satisfy the constraints time to market that is increase of the term of exigencies,

different interconnections for SoC exist, in the following we illustrate some of them:

a.a Point to point

Point to point is the simplest; all to do is to connect two intellectual properties (IPs), so
those functional blocks are linked together without any communication protocol. The
interconnection requires that the IP blocs should have the same encapsulation format such as
input/output interface.

This implementation enables a speed interconnection and fast integration. But the
standard encapsulation limits the IP communications in case when indirect IPs need to
communicate with private messages. Also, if one IP is blocked, the whole channel will be
blocked.

---» 1IPO > IP1 > IP2 » IP3 (--»
Figure 1.3. Point to point connection.
a.b Standard bus

Most SoC uses bus architecture or as known the shared media because it is the simplest in
term of structure, but technology allows to connect all the IP blocs into a single communication
media called bus; this architecture is based on the encapsulation of all the same functional bloc
with a flexible communication protocol (not as point to point architecture) to integrate another
norm or applications to SoC with a fast way, it just needs to add another IPs blocs with bus
extending. The communication with this shared media is guaranteed by the bus arbiter, the

following figure illustrates an example of a standard bus:
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DSP DMA Memory | | Processor

13 # Arbiter

I/O IPO || IP1 | P2 |IP3 | IP4 | IPS IP6

Figure 1.4. Bus topology.

- Here some example of used bus in SoC:

- The “AMBA-AHB” (advance high- performance bus) of ARM society.

- The “Sonic SMART Interconnects” of Sonics society.

- The “PI-BUS” (peripheral Interconnect Byus)o of the European OMI (Open
Microprocessor Initiative ) constitute by Siemens, Philips, Matra-MHS, ARM
and ST-INMOS.

- The “AVALON” ALTERA society.

- The CoreConnect of IBM.

The main disadvantage of this topology standard bus or as know by distributing media, is
the sequential communication, in other way the constraint that the bus could not do but one
communication at a time. Another disadvantage is bottleneck which is created when the number
of communication increased the bus arbiter who is in charge of the communication; but also
where the bandwidth constraints of many communication are very important, that the arbiter is
predominant because it is who allow the communication inside the bus and also it has the
charge to solve the conflicts problem (many requests at the same time). That arbitration limits
the number of IP connected to bus to a lot of elements.

For more, this interconnect physical mode became an obstacle in SoC performance for
now and for the future, the bus line is becoming longer with time because of the augmenting of
IP bloc connected. We can see also with time a parasite that engenders a charge time raise
which leads to reduce the frequency of the file may cause a clock late that cause a
synchronization problem.

Considering all those problems with SoC needs and evolution all the time, bus topology is

no more suitable to be used for integration in silicon.

PAGE:
14



Chapterl: NETWORK ON CHIP

a.c The hierarchical bus

For the problems mentioned in standard bus, a solution was shown to overdo the limits
this topology has to face, and this solution is the hierarchical bus and its architecture is
illustrated in the following schemes:

Memory | | Processor

Arbiter [ | ]

DMA | |IP5 | IP6

DSP Memory DMA

Arbiter h 1

1/0 IPO | IP1 | IP2 |IP3 | IP4

m o O — 0

Figure 1.5. Hierarchical topology.

This new topology is based on the communication between many buses with bridges that
link two buses with each other the main benefits of the hierarchical bus is the possibility of
synchronising different tasks of SoC, by sharing them on buses. According to that, we can see a
charge balance in communication the way that not overcharge just one bus allow a
synchronization of application tasks.

The different segments of the hierarchical bus have a short length that the IP blocks are
attached to; those IP blocks offer a weak capacity on each segment and allow a high frequency
on each bus.

As well as, the transaction on those different buses’ segments may be in parallel and in
high frequency. In that way we offer a high quality of service into an application and a best
global bandwidth.

However the access from bus to another implies a latency cost where the importance is to
distribute the connected IP bloc and that’s for the limit using of the bridge and also for
synchronizing the bus tasks. For that, three types of standard bus that are constitute the

hierarchical bus:
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- Processor / Memory bus: charge in data transfer between processor and cache
memory. They are very fast and offer a large bandwidth.

- Input/ Output bus: allows a communication interface.

- Classic bus: the classical bus bases are used here, we find in this bus a processor, a
memory and an output/input witch don’t need a large bandwidth.

These three categories provide a general sequence of tasks that should in most SoC
applications that may be encountered. This constraint requires bandwidth between the
application tasks.

Finally, the hierarchical bus consumes less than the distributed bus as the ability of
elements connected to the bus is lower on each bus segment. This division into segments is a
first step which will tend to network approach, but the bottleneck that can be observed at
bridges becomes a limiting factor given the bandwidth needs in the future applications , this

why topologies “crossbar ” offer an interesting alternative for future SoC.

a.d Crossbar

An alternative offering a good compromise between bus topologies and those networks is
the crossbar; in this case, all the functional blocks of the application are linked to each other
through the crossbar. This has the advantage of enabling parallel communications (unlike the
bus) and offers a large bandwidth to each communication because they are not shared with other

communications as the case of the standard bus or hierarchical.

2.6.2 Network on chip (NOC)

The idea was talked about in the 90’s, but actual research came in the new millennium. As
SoCs grew in quantity of IP cores, bus architectures and crossbars were exposed of their
deficiencies. Shared bus architectures led to resource contention and hierarchical bus
architectures and crossbar designs generated complexity. Interconnection networks offer an
attractive solution to this communication predicament and are becoming persistent in SoC
systems. A well-designed interconnection network makes a well-organized use of limited
communication means while providing low-latency, high bandwidth communication amongst
different IPs with a minimum cost and low energy-dissipation. Undeniably, as system density
and integration continued increasing, quite many designers discovered that it is more efficient to
route packets, not wires. Utilizing an interconnection network in a SoC than a dedicated wiring
permits 6 limited bandwidth to be shared so that it can be used resourcefully. In contrast,

dedicated wiring is idle mostly. Using a network also administers regular, organized use of
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communication resources, making SoCs easier to design, repair, and optimize. Figure 1.6

displays a 2x3 Mesh topology for NoC.

> g =2
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Figure 1.6. 2x3 Mesh topology.

Packet-based Network-on-Chip (NoC) has arisen as a remedy to the SoC design problem
from a communication centric viewpoint. Moreover, arranging the interconnect logic uniformly
throughout the chip rather than having buses as junction points has greatly eased floor planning

of high-density chips.

2.6.3 Comparison of embedded system architectures

Each architecture has many pros as well as many cons, table 1.1 represents a comparison
of SoC and NoC architectures adopted from [11]:

- Each unit attached adds parasitic capacitance, therefore
electrical performance.

Bus - Bus timing is difficult in deep submicron-meter (DSM)
process.

- The bus arbiter is instance specific.

Cons - Bus testability is problematic and slow.

- Internal network contention may cause large latencies.

- Bus-oriented, IPs need smart wrappers.

NoC - Software needs clean synchronization in multiprocessor
systems.

- System designers need re-education for new concepts.
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Pros

Bus

- Bandwidth is limited and shared by all units.
- Bus latency is wire speed once arbiter has granted the control.
- The concepts are simple and well understood by designers.

NoC

- Only point-to-point one-way wires are used for all network
sizes, thus local performance is not degraded when scaling.

- Routing decisions are distributed.

- The same router may be re-instantiated for all network sizes
(communication reusability).

- Aggregated bandwidth scales with the network size.

Table 1.1.

Comparison of embedded system architectures.

3. NoC main components

3.1 NoC layered communications

Like general communication networks, NoC uses the 7 layers communication. However

the architecture can be divided into different layers from bottom to top such as physical data

link, network transport and application layer. A layer can be considered as a combination of soft

and hard components performing some functionality. Each layer performs its task independent

of the other layers and provides services to the upper layer and gets services from the lower

layers. The way a layer performs its function is hidden from other layers.

Layers communicate with each other through standard interfaces. Each layer implements

a different set of rules called protocols. Advantages of layered communication come at the cost

of certain overheads. In NoC, mostly three layers are considered i.e. physical data link and

network layer.

Node
Application
PP Router
Transport
Network
Network
Datalink
Datalink Physical
ica
Physical

Node

Application

Transport

Network

Datalink

Figure 1.7. NoC communication protocol stacks.

Physical
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Physical layer delay with the actual transfer of data. It is responsible for clock
signals for every connection, number of wires, control signals, electrical levels,
medium of transfer etc.

Data link layer: is concerned with flit formation, node to node communication,
error detection and correction, flow control, encoding scheme, etc.

Network layer performs packetzation, routing of packets from source to
destination, resource addressing, and packet buffering and congestion control. It is
also responsible for providing quality of service by addressing the issues of
latency, throughput, jitter etc. when data arrives at this layer, if it is reached its
final destination; it is formatted into packets and delivered to the transport layer.
Otherwise, the data is pushed back to the lower layers to continue its route to the

next hop; network layer maintains logical addressed of the nodes in the network.

3.2 NoC main components

In NoC- based system, nodes communicate through the routers, and are connected to it

using network interface NI as depicted in figure 1.8. The NoC is itself an interconnection of

routers and links; other modules such as arbiters and buffers are included in routers and links.

o Tile

Figure 1.8. NoC- based system.

Each of the NoC based system elements is detailed subsequently:
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3.2.1 Node

A node represents an element of the SoC that communicates with other elements; it can
be a cluster of nodes when the NoC is used as a global interconnect or a simple element
(general-purpose processor, DSP; memory block, peripheral etc).

3.2.2 The network interface (NI)

NIs are the interface between the protocol and the NoC IP blocks that are connected to
the router. Their role is to separate the treatment (carried in IP) of the communications
(managed by the network) A network adapter can be composed of two parts, ne that supports
the network interface itself, the other performing the adaptation protocol witch called

“wrapper”’.

3.2.3 The routers

A router has input and output ports connecting it to another component through links. The
main role of the router is to route the incoming packets toward their destination in the topology.
Additionally, the router has to perform arbitration among different port request. Therefore, the
router is implemented by means of buffers to store the incoming/outgoing data, switches and

arbitration logic. More complex routers could also include a network processor.

Figure 1.9. Switch architecture.

3.2.4 The links

The links are for goal to link the routers between them-or routers to NI. They offer a
bandwidth for communications between the source and destination. It can have multiple virtual

channels and can be unidirectional or bidirectional.
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3.3 NoC main characteristic

Performance of NoC depends on various factors such as network topology, routing
strategy and switching technique. However the performance evaluation metrics applied in NoC
such as latency, throughput, power consumption, area overhead, and implementation
complexity are mostly depending on each other and can’t optimized separately. In this section,
we will describe the main characteristic that should be considered in the implementation of
NoC.

3.3.1 Topology

A topology has a major effect on all NoC parameters and due to that an ideal architecture
should provide high throughput, low latency, low power consumption [15], and have small area
requirements and implementation complexity [16]. Certainly, it is impossible to incorporate all
of these features into the same system, because some of them contradict each other. That is why
researchers always have to sacrifice some of the advantages of a certain architecture for the sake
of gaining another one. For this reason none of the existing architectures offer the desired
performance. Furthermore, the topology selection [12] [15] is also very significant in the
moment of mapping the IP cores and the tasks along the network. In the following, a subset of
the most popular ones that are classified based on two criteria:

- Regular or irregular.
- Direct or indirect.

Direct topologies are those that have at least one core/tile attached to each node, whereas
the indirect topologies are networks that have a subset of nodes not connected to any core. In
that case, these nodes only perform forwarding/relaying operations.

Also regular topologies assume each core has homogenous size, same functionality and
communication requirements also they offer a predictable layout/floor-planning which helps the

place and route.

a. SPIN

One of the proposed interconnect templates SPIN [17] (Scalable, Programmable,
Integrated Network) uses fat-tree architecture (Figure 1.10. Black boxes are routers, white
boxes are IP blocks). A fat-tree is a tree with routers on the nodes and IP blocks on the leaves.
Every node has four leaves and the parent is replicated four times at any level of the tree. The

number of parent port is equal to the number of child ports for every switch. The size of the

network grows with a rate of (N Log N~)/8 where N is the number of IP blocks. For N IP
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blocks, the number of switches converges to s = 3an/4 . There are as many parents as leaves so
the network is non-blocking.

The term non-blocking comes from the area of Multistage Interconnection Networks
(MIN), it means that it is always possible to establish a connection between any idle pair of
input and output ports having no effect on existing connections [11] [27]. It is obvious that there
must exist multiple paths between any given input and output ports in the network in order to be
non-blocking. Supporting multiple paths leads to undesired growth of hardware complexity,

power consumption, and high usage of on-chip space.
Lewvel

Figure 1.10. SPIN architecture [2].

b. CLICHE

CLICHE (Chip-Level Integration of Communicating Heterogeneous Elements) was
proposed by Kumar et al. [8]. This architecture is the same as 2D mesh interconnection
topology. There are as many switches as IP blocks. Each switch, except those at the edges, is
connected to four neighbouring switches and one IP block. Local interconnections between IP
blocks and switches are independent of the size of the network. The simplicity of the
architecture allows for the division of the chip into processing regions. Different protocols may
be used in local regions.

Routing is not complex, so the smaller size switches may be used and the network is

scalable.
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Figure 1.11. CLICHE [18].

c. Torus

Torus [7] architecture is the same as regular mesh. However, unlike the mesh, where edge
switches are connected only to two neighbouring switches, the torus architecture uses wrap-
around channels in order to connect the switches at the edges to the switches at the opposite
edge. The number of switches is equal to the number of IP blocks and each switch has five
ports.

Due to the long wrap-around channels the packet transmission delay may become
significantly longer and require usage of repeaters. This can be avoided by folding the torus as it
is shown in Figure 1.12. Folding is done by shifting all nodes in even rows to the right and all
nodes in even positions of each row down, next connecting all the neighbouring nodes in newly
gained rows and columns then pair-wise connecting edge nodes in rows and columns. Now
wraparound links are significantly shorter and link propagation delays fit within a single clock
cycle [31].
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Figure 1.12. 2D Torus [2].
Figure 1.13. 2D Folded Torus[2].
d. Octagon

The Octagon [19] architecture has its own advantageous properties. each pair of nodes has
a maximum two-hop path to communicate with each other. The basic model consists of eight IP
blocks and 12 bidirectional links, as shown in Figure 1.14. The nodes are arranged in a ring and
there is a central connection point in the center of a ring. Each node is also connected to the
neighbouring nodes. The node consists of IP block and a switch. Each switch has three

connection ports. Usually the architecture uses a simple shortest-path algorithm. The throughput
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is higher than of the shared bus and crossbar interconnect if properly designed. This requires a
development of good interconnection scheduler.

Figure 1.14. Octagon [2].

If we consider the scalability of the network, then while increasing the network size, the
octagon is extended in multidimensional space. For a large number of nodes this architecture

may significantly increase the wiring complexity.

e. BFT

Another proposed interconnect template is BFT (Butterfly Fat Tree) [9], [20]. In this tree
based architecture, IP blocks are placed on the leaves and switches are placed at the vertices
(Figure 1.15). Each switch has two parent ports and four child ports. In order to label the nodes,
(I, p) coordinates are given to each node where | shows the level of the node and p shows the
position of a node within that level. The address of a lower level is zero and the addresses of all

IP’s ranges from 0 to (N-1). There are N/4 switches at the first level and at the j™ level there
are N /2’ switches. The number of switches at each level reduces by 2. Unlike a simple

mesh, where there is one switch for every four IP blocks, this topology requires one switch for
every two IP blocks.
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Figure 1.15. BFT Architecture [2].

3.3.2 Switching protocol

Switching techniques define the way and time of connections between input and output
ports inside a switch that is enabled by the flow control i.e where the flow control is the
synchronized transfer of a unit of data between a sender and a receiver and ensures the
availability of sufficient buffering at the receiver to avoid the loss of data. Based on the adopted
switching technique, a unit of transfer is selected where each transferred message is partitioned
into fixed-length packets. Packets are individual routable units of data that contains the control
bits that represent the header and the data bits as the body. The header contains destination
information used by the routers to select the next port (next router) through the network. The
packet as well is partitioned into fixed size units called flits whose represent the transfer unit
across a link or across. There exist various switching techniques, but the most popular ones are

Circuit Switching, Packet Switching, Virtual Cut-Through Switching and Wormhole Switching.

a. Circuit switching

In circuit switching [13] the physical path from source to destination is reserved for the
entire duration of data transmission. This is realized by injecting the header flit into the network.
The header flit contains the destination address and any additional control information. It moves
toward the destination through intermediate routers reserving physical links it has passed. By
the time it reaches the destination, the complete path has been reserved and the

acknowledgement is sent back to the source.
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Figure 1.16. Circuit switching technique.

The reserved path may then be released by the destination or by the last bits of the
message itself. This technique is advantageous when the messages are infrequent and long. In
other words, it is useful when the message transmission time is long compared to the pass set up
time. However, it may block other messages while reserving the entire path, thus causing

unnecessary delays.

b. Packet switching

The packet switching [10] is a technique for purpose to forward the data to the next hop
by using the routing information contained in the packet. In each switch the packets are queued
or buffered, resulting in variable delay depending on congestion, routing algorithm, switch
arbitration, etc. Packet switching has the following switching techniques:

b. a. Store and forward (SAF)

The message is divided into fixed-length blocks, called packets [13]. Unlike the circuit
switching technique, which sets the path before sending a data, each packet is routed
individually from source to destination. Each packet has routing and control information called
packet header, which is used by intermediate routers to determine the packet’s destination.
Thus, the latency of a packet varies with the distance between source and destination. The

longer the distance the greater is the latency.
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Figure 1.17. Store and Forward switching technique.

Packet switching is advantageous when messages are short and frequent. It also fully
utilizes the communication link, while the circuit switching may keep the reserved path idle for
some time. However, the storage requirements of the individual routers can become extensive if

packet size becomes large and multiple packets must be buffered at a node.

b. b. Virtual cut- through (VCT) switching

In the packet switching technique, a packet must be received in its entirety before making
any routing decisions. However, the size of a packet may be bigger than the width of a physical
channel, so the transfer of a packet may take multiple cycles. The width of a physical channel is
measured in bits and defines how many bits of information can be sent through the physical
channel in parallel. The packet header is the first few bytes of a packet that can be received after
the first few cycles and it contains the routing information of a packet. Rather than waiting for
an entire packet to be received, the router can start forwarding the packet header and following
data as soon as the routing decision is made and the output buffer is free. In the absence of
blocking, the packet does not have to be buffered in the output buffer and can cut through
directly to the input buffer of the next router before the current router receives the complete
packet. This switching technique is called virtual cut-through (VCT) [13]. The difference of this
technique from packet switching is that the packets do not always have to be buffered in the
intermediate routers; they are buffered only if the packet is blocked. That is why at high
network loads the virtual cut-through switching behaves just like packet switching. Only the
packet header contains the routing information and the following data is simply forwarded
along the same output channel as its predecessor. Therefore, transmission of different packets

cannot be interleaved or multiplexed over the same physical channel.
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Figure 1.18. Virtual Cut Through switching technique.

Unlike circuit switching in VCT and SAF switching we do not have to reserve the whole
path from source to destination since every packet contains routing information. A physical link
between just two adjacent routers is reserved for the duration of packet transmission; it is
released as soon as packet reaches the next router. In VCT and SAF switching, each packet is
routed independently from others and packets with the same source and destination may take
different paths. In circuit switching links are underutilized, because if the header flit is stalled all
the physical links reserved so far cannot be used by anyone. VCT and SAF switching do not
suffer from this kind of problems. As we said above, the circuit switching is good for lightly
loaded networks with long messages while VCT and SAF switching are suitable for heavy
loaded network configurations. It must be noted that, we can make the use of VCT’s advantages
over SAF only if the packet size is bigger than the width of the physical channel measured in

bits, otherwise they perform similarly.

b. c. Wormhole switching

In wormhole switching [13] the message is divided into flits. This is done in order to
decrease the buffer size at routers and to achieve much faster routers. The input and output
buffers of a router are large enough to contain a few flits. A message is sent through the
network at a flit level in a pipelined fashion. The header flit contains the routing information
and builds a path in the network, which the other flits follow. In case of blocking VCT collects
the following data in the current router, which requires bigger buffer size, while wormhole
switching simply stops every flit in its current position. Thus, when a message is blocked it
occupies several routers in the path constructed so far and a few flits need to be buffered at a
router. As a result, there is no need for a local processor memory to buffer messages, which

significantly reduces average message latency. However, only the header flit contains the
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routing information and each incoming data flit is simply forwarded along the same output
channel as the preceding data flit, which requires that the message must cross the channel in its
entirety before it can be used by another message. This blocks the resources in case of stalled

pipelines and makes the wormhole technique deadlock prone.

A
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E‘:‘:I:I (] Packetheader
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Time
Figure 1.19. Wormbhole switching technique.

The problem can be solved by adding some control logic that splits the physical channel
into several virtual channels. They will have their own buffers, but share one physical medium,
in other words, each port of the router will have several queues for storing incoming flits instead
of a single queue. With such an organization, several buffers are associated with a single
physical channel and from several virtual channels, it is like adding lanes to a street. Each of the
queues is allocated to a certain packet, and contains flits of only that packet [30]. A physical
channel is allocated to each of the virtual channels in flit-by-flit manner. The buffers sharing the
same physical channel receive their flits alternately. If one of the packets is blocked the other

one can advance further towards its destination.

c. Comparison of switching techniques

A comparison of different switching technique is done, but before presenting the most
appropriates, the buffering and virtual channels in a network on chip are first presented because
the amount of buffering resources in the network depends on the implemented switching

technique.

c.a. Buffering and virtual channels

Buffers contribute on the main part of the area usage of the usage of the switch.
Therefore, it is to try to reduce as much as possible the amount of buffering area without losing

performance requirements [6] at the moment of design the switches.
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There are two main aspects related to the buffering capabilities:

The buffers size: the width and the depth defines how many words are able to allocate on

the switch.

The blocking between input buffer and output buffer: according to [32], the

performance of queuing in output port is always less than the input port, and this is because in

router strategy the head-of-the-line blocking problem is always facing the incoming packets that

are buffered before packets whose output port is busy.

Also the increasing of buffer size is not a solution to avoid congestion [33] because not

only the power and area of the chip is augmented but also the performance of both throughput

and the system delays is degraded.

Another metric to improve NoC’s routing is to combine with a switching technique

strategy and a buffering scheme with the concept of virtual channels (VCs).
VCs [34] [35] are for purpose to:
Reduce latencies and throughput of the system
Avoid deadlocks

Optimize wiring utilization (reducing leakage power and congestion).

c.b.

In table 1.2, a brief summary of switching techniques is given (The term

Increase network performance (minimizing the frequency).

Moreover, the insertion of VCs enables to implement policies for allocating the

physical channel bandwidth, which enables to support Quality of Service in

applications.

Comparison of different switching techniques

consumption and power dissipated are defined in the next chapter).

of energy

Switching Per switch cost Stalling Energy consumption Resource
Technique | Latency | Buffering utilizatio

n
Circuit Packet | packet At all nodes Significant leakage power | Poor
switching spanned by the

packet
SAF Packet | Packet At two nodes Minimal leakage power Good
switching between the link | comparing to Circuit
switching
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VCT Header | Header At the local node | Reduce the energy Good
switching consumed
Wormhole | Header | flit At all nodes Small buffer leads to Moderate
switching spanned by the reduce the static power
packet and the Reduce the
energy consumed

Table 1.2. Comparison of switching techniques in network on chip.

3.3.3 Routing protocol

A routing algorithm determines a path for a packet to reach its destination. It must be
decided within each intermediate router which output channels must be selected to be crossed
by the incoming messages. There are various types of routing algorithms differentiated
according to their key characteristics. In accordance with the place where the routing decision is
made they may be grouped as centralized, source, and distributed routing algorithms. If an
algorithm is centralized the path is chosen by a centralized controller, if it is source routed then
the route is determined by the source router prior to sending a packet, in distributed algorithms
the path is chosen in a distributed manner at the intermediate routers. According to the way how
they choose a path routing algorithms are broadly classified as deterministic and adaptive
algorithms.

Deterministic algorithms do not take into account network conditions when they take a
decision that is why they always supply the same path from source to destination. But, it is not
the case for adaptive ones in which network load, traffic conditions, information about available
output channels are always taken into consideration. Each algorithm has a different impact on
the network. Routing algorithms use a variety of metrics that affect the calculation of the
optimal path for a message. Many properties of the interconnection network depend on the
routing algorithm used because the complexity of an individual router has a significant impact
on the complexity of the entire network. For example, if the routing algorithm is too
complicated it will require extra hardware to realize the routing logic, moreover, it may take
much more time to make a decision about the direction where the message should be sent to. It
will in turn lead to increase of packet latency. Deadlock, livelock and starvation freedom are
also among those properties. This property shows the ability to guarantee that packets will not

block or wander across the network forever or permanently stop and never reach its destination.

PAGE:
32



Chapterl: NETWORK ON CHIP

- Deadlock
Deadlock is one of the situations that can postpone packet delivery indefinitely. It
happens when a packet is requesting a resource that is held by another packet while holding the
resource that is requested by another packet. There is a cyclic dependency between channels.
Thus the packet may be blocked forever. Deadlock is the most difficult problem to solve. There
are three strategies that can cope with deadlock: deadlock prevention, deadlock avoidance and

deadlock recovery.

- Livelock

Livelock usually happens in adaptive routing schemes. It happens when a packet has been
running forever in circular motion around its destination, because the channels that are required
to reach the destination are occupied by other packets. Hot potato routing is an example of an
algorithm that can cause a livelock. In this algorithm, whenever a desired channel is not
available, a packet will pick any alternative available channel and move to the next switch
instead of waiting. However, the alternative channels may misroute a packet around its
destination. In order to remove livelock several techniques have been proposed such as minimal
path, restricted non-minimal path, and probabilistic avoidance. Starvation: Starvation may
happen when a resource that was requested by a packet is always granted to other packets.
Thus, the packet stops permanently in traffic, never getting the resource it needs. Starvation can
be avoided by using the correct resource assignment scheme.

a. Deterministic routing algorithms

Deterministic routing algorithms [13] always generate the same single routing path for a
given pair of source and destination, usually choosing the shortest one. Only the addresses of
current and destination nodes are used to compute the path. As messages with the same source
and destination always use the same network path, they cannot use alternative paths to avoid
blocked channels. If source routing is used, the path is computed at the source node without
considering any information about traffic. Otherwise, if distributed routing is used, routers make
unique decisions at the intermediate nodes, based on current and destination node addresses. In
both cases channel status is not considered while computing the output channel to be used.

Deterministic algorithms should be progressive and profitable, which means that the
header should move forward to reserving a new channel at each routing operation, under
condition that the supplied channel always brings the packet closer to the destination. Thus

deterministic routing algorithms use greedy algorithms, always choosing the shortest path.
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The most popular deterministic algorithm is known as dimension-order routing. It is
based on the idea that some topologies can be decomposed into several orthogonal dimensions,
i.e. hyper cubes, meshes and tori. The distance between two nodes in these topologies is
computed as the sum of the offsets in all dimensions. The algorithm reduces one of these offsets
in each routing step. The offset of the current dimension must be equal to zero before the
algorithm considers the offset of the next dimension.

Dimension—order routing is usually used for meshes and hypercubes. In 2D mesh it is
called XY- or YX-routing depending on the dimension in which a packet travels first. The
algorithm is deadlock-free for n-dimensional hypercubes and meshes, as their channel
dependency graph (CDG) is acyclic. CDG is a directed graph where channels are represented by
vertices and edges are pairs of channels connected with a routing function [29]. However, the
CDG for some topologies has cycles. In order to remove cycles, physical channels may be split
into virtual channels.

Most commercially available parallel machines usually use distributed deterministic
routing as it is simple and fast. But distributed deterministic routing assumes that the traffic is
uniform. In case of non uniform traffic the performance of distributed deterministic routing in

terms of latency and throughput is very poor [13].

b. Adaptive routing algorithms

Adaptive routing algorithms do not restrict a message to a single path when travelling
from the source to the destination. While making a decision the current network conditions are
considered. This makes the routing more flexible and reduces unnecessary waiting time delays,
providing better fault tolerance.

Adaptive routing algorithms contain two functions: routing and selection. Routing
function gives a set of output channels based on the current node and destination node,
Selection function selects the most appropriate output channel from that set.

The selection function always supplies with a free channel. Thus, messages can follow
alternative ways instead of waiting for a busy channel. Non greedy algorithms, which can
supply channels that send packets away from its destination, are also allowed.

Adaptive algorithms also allow backtracking technique, which enables the header to
backtrack while releasing the previously reserved channels, thus systematically searching for
appropriate path. For deterministic algorithms, the backtracking technique is useless as the
message will go by the same path again. Adaptive routing algorithms increase routing

flexibility, but the hardware becomes more complex and slower.
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c. Minimal adaptive routing

Minimal routing algorithms always use the shortest path in order to reach the destination.
While being adaptive they restrict the routing direction in some level. One of the examples of
minimal adaptive routing algorithms is double Y-channel routing algorithm [21]. This algorithm
divides the network into several sub-networks. The packet is sent via a particular sub-network
according to the location of destination. The network is usually divided into +X sub-network
and —X sub-network. Here Y dimension has a pair of channels and X dimension has
unidirectional channel. If the location of the destination node is bigger than the location of
source node, in other words, if dx > sx, than the packet is sent through +X sub-network.

Otherwise —X subnetwork is used. If dx = sx then either sub-network can be used.
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Figure 1.20. Double Y-channel 2D mesh [22].

The double Y-channel algorithm is minimal and fully adaptive, which means that the
packet is delivered through any of the shortest paths. In order to avoid deadlock, channels
should be ordered in an appropriate manner [21]. The packet that is sent to the destination
should follow the channel in descending order, in other words, the channel label that was passed
must be bigger than the channel label that is going to be passed.

This algorithm is impractical when n is large (n is the number of dimensions), due to the

additional channel requirement.
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d. Non-minimal adaptive routing

Unlike the minimal adaptive routing algorithm, where a packet searches only for the
shortest path, non-minimal adaptive routing allows the packet to take a longer path if there is no
available shortest path.
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Figure 1.21. +X sub-network and labeling [22].

This technique is fully adaptive and can be achieved by few more additional channels.
Two non-minimal routing algorithms were proposed by Dally et al. [23].

One of them is static dimension reversal routing algorithm, where every two adjacent
nodes are connected by r pairs of channels. Here, the network is divided into r sub networks and

t

the i"" sub-network consists of all the i"" pair channels. Each packet header stores additional
value ¢ which is initially set to zero. The packet can move in any direction in its own sub-
network, but when the packet moves from high dimensional channel to low dimensional
channel the c field is increased by one. If ¢ reaches the value r-1 then the packet must switch
into the deterministic dimension ordered routing algorithm. The packets can be routed also in
reverse dimension order. Parameter r restricts the number of times it can happen.

Another algorithm is called a dynamic dimension reversal routing algorithm. Here, the
channels are divided into two classes: adaptive and deterministic. At first, packets are sent
through adaptive channels, moving in any direction. But, when a packet reaches a node, where
all output channels are busy by packets with values of ¢ that is smaller or equal to its own, it
must switch to the deterministic channels. After entering the deterministic channels a packet

cannot return to adaptive channels. The algorithm is deadlock-free.
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e. Turn model

This algorithm was proposed by Glass and Ni [14] for n-dimensional meshes. It suggests
a systematic approach to the development of adaptive routing without additional channels. The
algorithm supports both minimal and non-minimal adaptive routing and is partially adaptive.

The packet, while travelling through the network, switches from one dimension to
another, in order to reach the destination. Switching from one dimension to another is called the
turn. If the packet changes its direction without moving to another dimension, then this is 180-
degree turn. Usually physical channels are split into virtual channels and the packet may move
from one virtual channel to another. If it moves from one virtual channel to another and is still
in the same dimension and direction then this is a 0-degree turn. Turns can form a cycle. It is
known that, deadlock occurs when the packet routes contain turns that form a cycle. The
algorithm is based on the idea that, if there is no cyclic dependency between channels then
deadlock cannot occur. So, the concept of the algorithm is to prohibit the smallest number of
turns such that cycles are prevented. There are several steps that can be useful in developing
maximal adaptive routing algorithms:

* Classify channels according to the direction in which they route packets.

* Determine all possible turns that can occur between one direction and another. 00 and
1800 turns are not considered.

* Identify the cycles that can be formed.

* Prohibit one turn in each cycle.

* 00 and 1800 turns cannot be prohibited as they are needed for non-minimal routing
algorithms or if there are multiple channels in the same direction.

One of the examples for this algorithm is west first routing algorithm, where it first routes
a packet west, if necessary, and then adaptively south, east and north.

gl = -

-*--

Figure 1.22. Six turns (solid arrows) allowed in west-first routing [22].

Figure 1.22 shows the turns that are prohibited. Thus, the packet can make only six turns

and two turns to the west are not allowed. Therefore, to travel west, a packet must begin in that
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direction. For minimal routing, the algorithm is fully adaptive if the destination is on the right
side of the source, otherwise, it is deterministic. For non minimal routing the algorithm is

adaptive in either case.

f.  Randomized routing algorithms

Randomized routing algorithm is considered to be one of the most popular deterministic
routing algorithms due to its simplicity of the implementation and the good performance,
according to average packet delay and throughput metrics [25]. As we can see in Figure 1.23
not the whole available bandwidth of the network is used. Sometimes minimal constraints are
relaxed to some extend and randomization is added for more efficient usage of the network
bandwidth.

Valiant and Brebner [24] proposed one of the best known randomized algorithms named
Valiant. This algorithm has two phases. In both of the phases it uses dimension-order routing. In
the first phase a random node is selected, and a packet is sent there. In the second phase, it
routes the packet from that random node to its destination. Valiant is non-minimal and tries to
avoid congestion in the network.

Packets with the same source and destination are unlikely to take the same path, as they
will have different intermediate nodes, which are selected randomly. Several sets of buffers are
needed in order to avoid deadlocks. In a mesh topology, it requires two sets of independent
buffers per communication link. In Valiant routing algorithm livelocks cannot occur, as the
packet reaches its destination eventually, but it may take a longer path than actually required.
The path taken is a drawback of this algorithm, because its length increases according to the
topology being used. For example, in a mesh, the packet’s path may be doubled. This means
that the Valiant routing results in longer routing times. Hence, the demand for network
bandwidth is also doubled.

Another routing algorithm which uses randomization is Randomized, Oblivious, Multi-
phase, Minimal (ROMM) [25] algorithm. It inherits minimality of DOR, and randomization of
Valiant. Minimality assures that the path taken by a packet will be minimal. Randomization is
used to assure that packets with the same source and destination will not take the same path.
These properties are combined to avoid congestion. This algorithm is oblivious, thus, making it
easy to implement in contrast to adaptive algorithms which are more complex. As ROMM
algorithm uses only minimal paths, it is constrained in randomization unlike Valiant which uses

full randomization.
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ROMM selects random nodes within the range of a minimal path a message is required to
follow in order to reach the destination. It routes a packet in p-phases. A p-phase ROMM
algorithm has p-1 randomly selected nodes Z1, Z2, ..., Zp-1 between source and destination,

such that, those Zi ‘s must be on the minimal path from source to destination.

Figure 1.23. A possible path from src to dst using 3-phase ROMM on a 2D mesh.

Figure 1.23 illustrates a possible path from source to destination in a 3-phase ROMM.
Here, the source node determines the path that would be taken by message using dimension-
order routing and chooses a random node that lies within that path, in our case Z0. Then the
message is routed from src to Z0 using dimension-order routing. Now, Z0 becomes a source
node and chooses another random node that lies along the minimal path from ZO0 to dist, in this
case Z1, and send a message using dimension order routing. Z1 in its turn routes a message to
dst again using dimension-order routing.

If p phases are used, then ROMM algorithm requires p-virtual channels for wormhole
routed mesh network, in order to avoid deadlocks. The algorithm becomes very costly as p
increases, as it increases memory usage adding virtual channels and complicates routing with
additional logics required to manage virtual channels.

Another algorithm which allows several routes is OLTURN [26]. In OLTURN a network
is partitioned into two virtual networks. One of them is XY-routed the other is YX-routed. It
uses just one phase, unlike ROMM and Valiant. However, it also provides more than one path,
because when the flit is injected into the network it may choose one of the networks, more

precisely it is randomly sent into one of the virtual networks. According to [26] O1TURN
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outperforms ROMM, Valiant and DOR under non-uniform traffic. But DOR is still better under

uniform traffic pattern.

g. Comparison of routing algorithms

In this section we introduce general comparison of routing algorithms mentioned in
previous sections as it is indicated in the literature. Deterministic algorithms in comparison to
adaptive ones achieve higher throughput behaviour under the uniform traffic pattern in 2D mesh
with the same number of VCs and have lower latencies at higher throughputs [13][14].
However, adaptive algorithms outperform them when used in 2D torus [13]. Deterministic
algorithms suffer from channel under utilization while adaptive algorithms distribute the traffic
more uniformly across the network and do not have such a shortcoming. Under non-uniform
traffic pattern adaptive algorithms perform much better than deterministic ones in terms of
throughput and latency. It is due to their ability to provide several routes between the same pair
of source and destination. Performance evaluation of OLTURN, DOR, and ROMM algorithms
and their comparison were presented in [26]. DOR outperforms O1TURN under uniform traffic
when the network size is small (4x4). It achieves lower latency and higher throughput
behaviour. When network size increases O1TURN behaves better. ROMM has the worst
performance (greater latency, lower throughput) under uniform traffic. OLTURN is always
better than DOR under non-uniform traffic pattern regardless of the network size. Under non-
uniform traffic the performance of O1TURN is almost the same or better than the best of DOR
or ROMM.

4. NoC simulator

The dedicated NoC tools vary depending on the purpose for which they are developed
such as simulators. Two criteria are often addressed for simulators: the estimation of power
dissipation and performance computing (throughput, latency, and reliability). These two criteria
are crucial since NoC are an integral component of an embedded system. Because these systems
are often subject to hard constraints of space, energy and execution time, a relevant estimation
of the NoCs characteristics could be very helpful to the designer. We will show in the following

NoCs synthesis or simulation tools we collected from the literature:

4.1 NS-2

NS-2 was first developed for prototyping and simulating ordinary computer networks.

However, since NoCs shares many characteristics with classic networks, NS-2 was widely used
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by many NoC researchers to simulate NoCs [36]. NS-2 is an open source, discrete event driven
simulator and developed in C++ and OTcl. These modularity and availability have facilitated its

spreading between researchers.

4.2 Noxim

This tool has been proposed by the Computer Architecture team at the University of
Catania [37]. It is developed in SystemC language. It allows the user to define 2D mesh NoC
architecture with various parameters including: network size, buffer size, packet size, routing
algorithm and injection rate of packets. Noxim allows the evaluation of NoCs in terms of
throughput, latency and power consumption.

4.3 DARSIM

DARSIM is a NoC simulator, which was developed at the Massachusetts Institute of
Technology (MIT). This tool allows the simulation of mesh NoC architectures of 2 and 3
dimensions. It offers a multitude of NoC simulation configurations with various parameters.
This includes two generation modes of data generation [38]: a) Trace-driven injection, which
involves the injection of packets into the network and monitors their spatial and temporal
evolution. b) MIPS Simulation mode: each node can be configured as a Microprocessor
Without Interlocked Pipeline Stages (MIPS) with its own memory.

4.4 SunFloor - 3D SunFloor

SunFloor is a support tool for NoC design. It can be used at earlier design phases to
synthesize the most appropriate topology with these constraints as input (Model, Energy and
Space, Design Objectives). From these data, SunFloor generates a system specification ready to
be translated into comprehensive architecture, usually in SystemC language and by the

intervention of a second tool which is xpipesCompiler [39].

45 ORION 2.0

ORION 2.0 is the successor of the version proposed by a team from Princeton University
in 2003 [28]. It is a simulator dedicated primarily to the estimation of power and space for NoCs
architectures. Among the improvements compared to the first version we find the support for
new semiconductor technology through models of transistors and capacitances upgraded from

industry.
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5. NoC Examples

In this section, we briefly recapitulate a complete compilation of existing NoCs, there are
many more, rather the purpose of this section is to address a representative set: ATHEREAL,
NOSTRUM, SPIN, CHAIN, MANGO, and XPIPES:

5.1 ATHEREAL

The/£ETHEREAL, developed at Philips, is a NoC that provides guaranteed throughput
(GT) alongside best-effort (BE) service. In the ATHEREAL the guaranteed services pervade as
a requirement for hardware design and also as a foundation for software programming. The
router provides both GT and BE services. All routers in the network have a common sense of
time, and the routers forward traffic based on slot allocation. Those sequences of slots
implement a virtual circuit. GT traffic is connection-oriented, and in early router instantiations,
did not have headers as the next hop was determined by a local slot table. In recent versions, the
slot tables have been removed to save area, and the information is provided in a GT packet
header. The allocation of slots can be set up statically, during an initialization phase, or
dynamically, during runtime. BE traffic makes use of non reserved slots and of any slots
reserved but not used. BE packets are used to program the GT slots of the routers. With regard
to buffering, input queuing is implemented using custom-made hardware FIFOs to keep the area
costs down. The £ETHEREAL connections support a number of different transaction types,
such as read, write, acknowledged write, test and set, and flush, and, as such, it is similar to
existing bus protocols. In addition, it offers a number of connection types including narrowcast,

multicast, and simple.

5.2 NOSTRUM

The work of researchers at KTH in Stockholm has evolved from a system-level chip
design approach. Their emphasis has been on architecture and platform-based design targeted
towards multiple application domains. They have recognized the increasing complexity of
working with high-density VLSI technologies and hence highlighted the advantages of a grid-
based, router-driven communication media for on-chip communication. Also the
implementation of guaranteed services has also been a focus point of this group. In the
NOSTRUM NoC, guaranteed services are provided by so called looped containers. These are
implemented by virtual circuits, using an explicit time division multiplexing mechanism which

they call Temporally Disjoint Networks (TDN).
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5.3 SPIN

The SPIN network (Scalable Programmable Integrated Network) implements a fat-tree
topology with two one-way 32-bit data paths at the link layer. It is proven that, for any given
amount of hardware, a fat tree can simulate any other network built from the same amount of
hardware with only a polylogarithmic slowdown in latency. This is in contrast to, for example,
two-dimensional arrays or simple trees which exhibit polynomial slow down when simulating
other networks and, as such, do not have any advantage over a sequential computer.

In SPIN, packets are sent via the network as a sequence of flits each of size 4 bytes.
Wormbhole routing is used with no limit on packet size. The first flit contains the header, with
one byte reserved for addressing, and the last byte of the packet contains the payload checksum.
There are three types of flits; first, data, and last. Link-level flow control is used to identify the

flit type and act accordingly upon its content.

5.4 CHAIN

The CHAIN network (CHip Area Interconnect) developed at the University of
Manchester is interesting in that it is implemented entirely using asynchronous, or clockless,
circuit techniques. It makes use of delay insensitive 1-of-4 encoding, and source routes BE
packets. An easy adaption along a path consisting of links of different bit widths is supported.
CHAIN is targeted for heterogeneous low-power systems in which the network is system
specific. It has been implemented in a smart card which benefits from the low idle power

capabilities of asynchronous circuits.

5.5 MANGO

The MANGO network (Message-passing Asynchronous Network-on-chip providing
Guaranteed services over OCP interfaces), developed at the Technical University of Denmark,
is another clockless NoC, targeted for coarse-grained GALStype SoC. MANGO provides
connectionless BE routing as well as connection-oriented guaranteed services (GS). In order to
make for a simple design, the routers implement virtual channels (VCs) as separate physical
buffers. GS connections are established by allocating a sequence of VCs through the network.
While the routers are implemented using area efficient bundled-data circuits, the links
implement delay insensitive signal encoding. This makes global timing robust because no

timing assumptions are necessary between routers.
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6. Conclusion

NoC occupies a wide spectrum of research, ranging from highly abstract software related
issues, across system topology to physical level implementation. In this chapter, we have given
an overview of activities in the field. We first defined the embedded system with its different
architecture and in order to avoid the wide range of topics relevant to large scale IC design in

general, we stated the motivation for NoC and given an introduction of the basic concepts.
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CHAPTER I

MODELS OF COMPUTATION IN
MULTIMEDIA APPLICATIONS AND NOC
ENERGY EFFICIENCY AND DELAY
MODEL

1. Introduction

In the past, the number of instructions executed in a computer system in one unit of time
(e.g., MIPS or FLOPS) was the important indicator of measuring the performance of a system.
In the future, the number of instructions executed per unit of energy (e.g., a joule) will be of
equal importance.

However NoCs are composed of several processing elements, e.g. processors, memories,
links and various other communication interfaces. In order to automate the design process,
system specification has to provide clear and unambiguous semantics as well as sufficient
expressive power to represent the vast majority of embedded system applications. Models of
Computation (MoC) and system design languages provide the foundation for defining the NoC
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behavior. There are several requirements imposed on the behavior modeling of system level
design process for NoCs. In order to identify relevant requirements and constraints for
embedded system specification, formal models of computation are described and evaluated
according to the expressive power, supported features, complexity and analyzability.

The objective of this chapter is to put the light on understanding the concepts of energy-
efficient embedded computing. It is divided into two sections. In the first section, we define the
models of computation for multimedia applications with many examples used in NoC and then
we introduce in the simple models to estimate the latency of the system and energy
consumption of different tasks. This gives the reader an indication of where energy is dissipated
and what are the mechanisms of energy dissipation. Since energy consumption depends very
much on the considered technology, we assume a hypothetical 180 nm CMQOS VLSI technology
as the reference for the estimation. The last section focuses on the power reduction techniques

based system level.

2. Models of computation

Model of Computation (MoC) is what represent the system behavior, requirements and
constraints on a high level, and this representation is described in the formal manner by means
of mathematical functions, set-theoretical notations or combinations thereof. However, two

basic types can be differentiated and processed based- and state based- MoC.

2.1 Process-oriented MoC

Process oriented MoC [40] describes the system behavior in the form of processes that
communicate with each other by messages that are transmitted in channels or shared memories.
Process oriented MoC describes the concurrency behavior of different applications in a system
and due to that it is the suitable for implementation of the multi-core platform. The functionality
of a process is typically given in the imperative form, defined in a programming language, e.g.
C, C++. However, the consequent statements of the communicated processes could be
represented in a form of activity diagrams or flow charts and for that the ordering between
different processes is based upon the dataflow dependencies between those processes, making
the process based MoC suitable for high level specification at the beginning of the design flow.

Notions inter process concurrency and communication mechanisms require a deadlock
and determinism analysis. Deadlock refers to a well known concept of circular dependencies
between processes, while determinism refers to the predictability of the program behavior. A

deterministic MoC produces the same output for the same input set. Such behavior is highly
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desirable in order to perform system behavior validation, but fully deterministic model can lead
to over specification. More specifically, it is desirable for a global system comprised out of
several processes to produce the same outputs for a given set of inputs, but the order their
execution should remain arbitrary. In order to cope with these constraints and requirements,
different process based MoC were proposed throughout the years. Some of the most prominent
process based MoC include process networks, dataflow models and process calculi.

Process networks [41] are the most common example of a process oriented model of
computation. Essentially, process networks are composed out of concurrent processes that
communicate through buffers. Communication is asynchronous on the server side, where the
sent messages are being accumulated in buffers. On the receiver side, communication is
blocked, because the receiver cannot proceed with the computation until the required inputs are
read. Process networks are convenient for modeling data-flow dominated applications, which
are inherently partitioned into separate tasks communicating via streams of data. Embedded
multimedia, imaging and signal processing applications employ such dataflow model and they
are usually modeled using process network mechanism.

Dataflow model [42] specification enforces the graphical representation of the system
behavior, which is given in the form of a directed graph. Nodes of the graph correspond to the
actors, where arcs represent the unbounded buffer channels between them. In comparison to a
process employed in the process network MoC, actor corresponds to the atomic block of
execution.

In this way, context switch operation is avoided and consequently runtime overhead is
decreased. Actors execute, i.e. fire when all their inputs are available, performs some

computation algorithm and produce outputs.

2.1.1 Kahn process networks
Kahn process networks (KPN) [43] are process based Model of Computation where the

processes that are executed in parallel are independent of each other and the communications
between them are unidirectional and point-to-point message passing channels. Such message
passing channels require buffers as it is illustrated in figure 2.1. KPN are more faced to blocking
as it is shown in figure 2.1 where the sending via channels can never block while the receiver
processes always block until required input data from the channel are available. The blocking at
the channel level requires a scheduling strategy to avoid deadlock and blocking and also those
strategies can affect the memory requirements, for that two basic scheduling policies can be

differentiated, demand driven scheduling and data driven scheduling.
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- Demand driven scheduling strategy corresponds to the behavior where each
process can run whenever its data is needed. Such behavior could lead to artificial
deadlocks in the case of the local deadlock of a single process [40].

- Data driven scheduling runs processes whenever they are ready. Here, in the case
of a local deadlock of a specific process, tokens would be accumulated on arcs
creating a problem of memory consumption requirements. In the case of the buffer
overflow condition, where buffers are full, scheduling policy needs to decide
between complete and bounded execution. Complete execution refers to the
condition where processes are run as long as they are ready. However, such
behavior could lead to unbounded memory requirements, where the buffer size is
increased according to the run-time requirements. Bounded execution limits the
size of the buffer and senders are therefore blocked, until messages are received

by the receiver process.

Pl ||I|| P3

@

s

Figure 2.1. Kahn Process Network example. [40]

In general, KPN is suitable as a model of computation for the multi-core platform [44] for
its determinism where the number of input results the same output regardless of the scheduling.
The main drawback of the KPN as a model of computation is that they require a dynamic
scheduling with runtime context switching as well as dynamic memory allocation. Dynamic
memory allocation corresponds to the property where buffers for inter process communication
are dependent on the underlying scheduling policy. Therefore, efficient and practical KPN

realization of a multi-core system is difficult to achieve.

2.1.2 Process calculi
Process calculus [45] is a model of computation that represents the interactions,

communications and synchronization mechanisms among concurrent processes in a high level

formal description. Formal representation is given by a set of processes, composition rules and
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axioms where the specific composition rules include parallel composition of processes,
sequential composition or choice. Furthermore, the notion of recursion and replication are
supported, and the communication between processes is restricted to the synchronous message
passing. Process calculi models are suitable for analysis, equivalence checking, and formal

verification for its formalization and restricted execution semantics.

2.1.3 Synchronous data flow
Definition

Synchronous Data Flow (SDF) specification is a specialization of the dataflow modeling
paradigm [42]. In SDF, parallelism is represented explicitly, which makes such specification
convenient for HW/SW Co synthesis. Given:

SDF, as a dataflow model of computation employ an actor as a basic unit of computation.
Actors are atomic blocks of execution and SDF therefore lacks expensive runtime context
switching operation. Furthermore, due to the restrictions imposed on the original dataflow
architecture, where the number of tokens produced and consumed by the actor remains fixed,
SDF can be scheduled statically.

Figure 2.2. Synchronous dataflow graph example. [40]
Formal model

Formally, SDF is defined by a tuple(v ,E,d,P,0,1) where:

v is the set of actors( tasks).

E <V xV s the set of directed edges.

d : E > N Isa function describing the number of initial tokens on an edge (u,v)e E .

P:V - R" jsa function describing the flow on each edge.

O :E - N in a function describing the number of tokens produced on edge (u.v)< E py

actor V on each execution
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| E

— N in a function describing the number of tokens consumed on edge(u.v)< E by

actor U on each execution

The nodes in the SDF graph are called actors.
Actors have well defined input/output behavior.

Actors have the workload that is defined by the amount of work given in units of

work.

Actors produce and consume tokens.

The edges represent dependencies.

A token is a container in which amount of data can be stored.

Tokens are consumed in the same order as they are produced, but a random access

of data inside a token is allowed.

An actor is enabled after a predefined number of tokens available on every input

of an actor.

An actor can fire (start its execution) after it is enabled. The number of token that
must be available is specified next to the head of the data edges. The specified
number of tokens is consumed from the input edges of the actor before the
execution of an actor finishes that is within the response time of the actor.

The number on the tail of an edge denotes the number of tokens an actor produces
before the execution of the actor finishes.

A self-edge of an actor is used to model that the previous execution must be
finished before the next execution can start. This self-edge is given one initial
token such that the next execution cannot start before the previous execution of
the actor is finished.

The response time of an actor is an upper bound on the time interval between the
point in time that the actor is enabled ad that the point in time that the actor

finishes its execution.

C. Scheduling policies over SDF
Even though the SDF model and its related models are widely adopted for algorithm

specification in numerous DSP design environments, it has a couple of limitations to represent

multimedia applications. First, the SDF model cannot express conditional execution of a block.

Second, the model cannot use the shared data structure between blocks and pointer operations,
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e.g. video frame blocks. Pointer operations to a shared global memory are prohibited by the

SDF model to avoid side effects independently of node execution schedule.

Due to the explicitly parallelism representation of SDF, it is the most suitable to be used

in our work as a model of computation as the best representing of the multimedia application

dependencies. The scheduling in the mechanism that defines the task order during an execution,

many scheduling policies are proposed in the literature, we cite them but consider only the most

used between the SDF graph and network on chip architecture, in chapter 4 (session. 2), we

detail those scheduling policies in order to define the mapping technique.

3. Network on chip delay model

In this section we present the mathematical delay model in a network on chip while we

only consider during computing the transmission latency the wormhole switching technique that

represent the adopted switching technique.

T Number of multimedia application tasks.

C Number of multimedia application channels.

NoC The network latency.

Ex The execution time of task ¢, on the processor p ;.

wt P The wait time of task ¢, for the processor p | .

n The number of hops traversed by the packet from source to
destination.

Wl The wait time of packet j for the link.

Com | The communication time , or the transmission time of packet
J.

wb i The wait time on buffer of packet j.

R; The time it takes a router for transmission from the input port
to the output port.

d(i) The deadline of task i.

pr(i) The priority of task i.

w(i) The workload of task i.

e,;€E A communication channel between task i and task j.

c,eC The task ¢ number i.
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v ;) The flow of the channel ¢, ; .

bw . . Or bw which is the bandwidth of the network, it can be

uniform and non-uniform.

P, The processor i of NoC.

Iy The NoC physical link that connects two nodes i and j.

f The operating frequency.

Nb .Pr(i) The number of tasks that allocate the processor before task i.

Ex ! The execution time of one of tasks ¢, in p .
t, Time for routing decision for a packet.

t, Time spent by router for switching.

N The number of flits or the size of the packet
H The mean service rate

P The traffic intensity

A The mean arrival rate

Avr The average packet in the system

z The capacity of the buffer

Avr The average throughput of the system

Nb o The number of processors in the system

Table 2.1.  The parameters notation.

3.1 NoC latency

The time it takes to transmit, serve and execute all packets (or a flit) is defined by the sum
of the execution time onto the allocated processors and communication time via links and it is

given by:

™M -

. . C ( W
_ Pi Pi _
NoC . = (Exci+wtci)+ Y L(n l)X[WIj +Comj]+N><(wbj+Rj)J 1)
i=1 j=1

The first part of the equation represents a computation time that is computed at the
processor level and contains the execution time and the wait time of each task. The execution

time is defined as the interval between the occupancy and the release of the processor, whereas
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the wait time is defined as the interval between the arrival and the start of execution of the task.
And they both are defined as:

3.2 Computation delay

The execution time Ex ' defined as the number of cycles it takes to execute task C; on

processor p; and it is computed as follows:

Bx o = # @

The wait time is the time it takes for the packet while waiting for the processor to be free

before being executed and it is equal to the sum of the execution time of all waited tasks. If the

packet is arriving and the processor is free, the wait time is null. The wait time of task on the
processor is computed as:

Nb .Pr( i)

[ pj
wt ci z Ex ck (3)
k=1

3.3 The communication delay

The second part of the equation 1 represents the communication time that is defined as the
time it takes for a packet to be transmitted from source to destination. It contains the link wait
time, the buffer wait time, the routing decision time and the communication time. Those are
defined as:

Link wait time is the time of waiting into the buffer in case of non-availability of channels
(or virtual channels).

The wait time in the buffer is the time it takes for storing the flits (if needs) before
transmitting it.

The routing decision time is the time that the router takes to transmit the packet from the

input port to the output port. And it computed as:
Rj =t +1, (4)

The communication time is the time it takes to send the packet through the link and it is

computed as follows:

flit

Com _ = (5)
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3.4 The average number of packets in the system

Given the mean arrival rate A , the mean service rate is:

[N
ﬂ=Rj+|W| ©)

The occupancy of the buffer by the flit or the traffic intensity is calculated as follows:

p = (7
7

Given Z the capacity of the buffer, the average number of packets in the system Avr , is
given by:

_a-p)p’

P 1_p2+1 (8)

Avr

3.5 Network on chip average throughput

The average throughput Avr .. is the rate at which the network can successfully deliver

the injected packet is, and it is defined as:

Avrthr = x Z N packet i (9)

4. Network on chip power model

The concept of energy, initially introduced in the field of mechanics, refers to a scalar
quantity that describes the capability of work that can be performed by a system. The intensity
of the work, that is the energy used up per unit of time, is called power. Energy is thus the
integral of power over time. There exist different forms of energy, such as potential energy,
kinetic energy, thermal energy (heat), electrical energy, chemical energy, and radiation energy.

There exist many different units to measure the amount of energy. We will use the joule,
which is the unit of energy in the mks (meter-kg-second) system. One joule (J) is defined as the
amount of work done by a force of one Newton moving a mass of one kg for a distance of one
meter. At the same time a joule is the amount of energy that is dissipated by the power of one

electric watt lasting for one second.
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The power model used to estimate the total power dissipated by a NoC for transferring a
given packet is given by:

Ew =N, xEJ +N < E, | (10)

NoC task channel ei,j
According to that model, each network component dissipates power to transmit a packet

along the specified route, where: N_, is the number of tasks, N is the number of

channel

channels, E ,uer , Ei and E C?J are the energy consumed during routing the packets in the

router, transmitting it from source to destination and executing the task onto the appropriate

processor respectively.

e. is defined as the number of cycles it takes to execute C; on processor P ; multiplied

by the energy of one computational interval and calculated as:

Pj i Pj
Eo =1, x f x<xEg (11)

Ci

r ,' is the execution time of the task C; on processor p ; , f , is the operating frequency.

ECP:J is energy of one computational interval equals to(with o, = 0.2)

Pj

2 aP
ECip :Vdd (1+0p)7cp (12)

The energy consumed due to sending the message Vv (¢; ;) :

v(c; ;)
x E g (13)
f_z

E. . =NB _F x

E flie = My X Erouter + (nr - 1) x EIink (14)

E . ; Isenergy consumed due to sending one message, E ;; is the energy consumed
during sending one flit, f _ z is the flit size, NB_F is the number of flits, E oyer + Ejink  are

the energy consumed by the flits while crossing the router and the link respectively. n is the

number of hops traversed. The following parameters obtained from the Predictive Technology
Model (PTM [46]), and [47][48][49].

Variable Value
width or w (um) 0.80
space or s (um) 0.80
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thickness or h(um) 1.25
height or h(um) 0.65
Rure (Q/mm) 30
R gate C gae (PS) 10
Length or | (um) 4

c, (fF) 0.294492
c. (fF) 0.203828
C o (FF) 0.99664
C wire (PF/mm) 0.3
K1 0.053
V. 0
K2 0,153
K4 1.63
Vi 0,244
K5 3.65
K3 30x10 °

Table 2.2.  Parameters under 0.18um technology node.

4.1 Link power model

In order to calculate the energy consumed in an interconnect wire, a study of its physical
characteristic, and its electrical behavior has been done [48] [49]. As the wire got longer,
repeaters were used to minimize the energy consumption. The power equation for one gate

driven wire is:

1
= —CV 2o, f + za VI f + VI + VI

2

The first component is the dynamic power consumption caused by charging and

P leak , gate (15)

link short bias ,wire

discharging of capacitive load on the gate’s output, C is the load capacitance calculated as [50]:

C =MC , +(M +1)C, (16)

total

|_W S 1.77 t 0.07-|
C, =g —+2.04
’ g{h+ (s+0.54h) (t+4.53h) ] 17
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|' 4s 0.28 0.76 '23 _]

t - w h
C,=¢l1.41—e=*800 4 2.37( e steh | (18)
L s (w+0.3ls) (h+8.9s)

C , is the load capacitance and (M +1)C  the coupling capacitance of M neighboring

wires. Vv is the supply voltage, «, is the switching activity of the gate and f is the operating

frequency of the system.

w VI . f s the short time period during I, flow, and I, e ! are the

leak ,gate

drain and source to body junction leakage currents in the NMOS device. Transistor

subthreshold leakage is modeled by:

K4Vdd KsVips
= K.e

Ishort - 3 (19)
vV, is the voltage applied between the body and the source of the transistor. k,,k, are

constant fitting parameters, the other parameters depend on the technology used.

C
gate gate
lengh (1) — 3 (20)

wire c wire

Wire

4.2 Router power model

The total energy consumption in a router for the transfer of one flit is given as follows:

E =E

router FIFO +E

Arbiter + ECrossbar (21)

E amier 1S the energy consumed due to setting up of a path for the packets to traverse

from the input port to the output, and it is calculated as follows.

E Arbiter E Internal switching leakage (22)

arbiter arbiter arbiter

E cosshar IS the energy consumed due to routing the packets from input ports to the

output, and it is calculated as follows:

E

Crossbar Elnternal Crossbar +ESWitching Crossbar + ELeakage Crosshar (23)
E. IS the energy consumed due to read and write accessing at each FIFO and it is
computed as follow:

Energy FIFO — I:)write + F)read + Pclk + F)int (24)

I:)write = rw I:>control ta Pstore (25)
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Here, r, is the rate at which write actions occur, P P are the average power

w control ' " store

consumed at the control unit for one write action and the power consumed to store the data in

the FIFO respectively.

P =r P

read r control Ta

I:)retrieve (26)

Here, I, is the rate at which read actions occur, P P is the power consumed at

control ' " retrieve

the control unit and the power consumed to retrieve the data from the FIFO respectively.

P,, Clock activity causes permanent constant power consumption due to switching
activity.
P.. Which is the result of the internal short circuits occurring during switching of bits in

the incoming data, the switching of read and write actions and clock activity. Therefore Pint can

be calculated as follows:
P =1 K, +Kk, a+Kk, (27)

Here, r is the rate of read and write actions, « is the amount of bit flips, the constants

k,, k, are respectively the average internal power consumed for the control of read and write

actions and due to bit changes in data and k, is due to the clock activity.

5. Power reduction techniques

Two components constitute a network on chip power dissipation: dynamic switching
power and static, or leakage power, due to that, a classification of the optimization technique is

done based on the type of dissipated power.

5.1 Techniques for reducing dynamic power

1
The equation P = ;aC vV 21 represents the dynamic power of a circuit in which all

the transistors switch once per clock cycle. Many researchers minimize or reduce the system
energy by exploiting the characteristics of each element of the dynamic power equation.
5.1.1 Gate sizing

The power dissipated by a gate is proportional to its capacitive load C, whose main

components are:
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- Output capacitance of the gate itself (due to parasitic.)
- The wire capacitance.
- To input capacitance of the gates in its fanout.

The output and input capacitances of gates are proportional to the gate size. Reducing the
gate size reduces its capacitance, but increases its delay. Therefore, in order to preserve the
timing behavior of the circuit, not all gates can be made smaller; only the ones that do not
belong to a critical pathl can be slowed down. A critical path is with a slack equal to zero. The
slack is the rest between the arrival time and the required time for a gate under a given delay.

The calculation of slack time can now be formulated. For an input vector v let AT (g ;,v)
be the arrival time of the gate g, and RT (g ;,v) be the required time of gate g, under a given
delay constraint. The time slack of gate with respect to the input vector is given by:

slack (g,,v) = RT (g,,v) — AT (g, V) (28)

All gates with slack time greater than zero are candidates for down-sizing.

5.1.2 Clock gating

Clock signals are omnipresent in synchronous circuits. The clock signal is used in a
majority of the circuit blocks, and since it switches every cycle, it has an activity factor of 1.
Consequently, the clock network ends up consuming a huge fraction of the on-chip dynamic
power. Clock gating has been heavily used in reducing the power consumption of the clock
network by limiting its activity factor. Fundamentally, clock gating reduces the dynamic power
dissipation by disconnecting the clock from an unused circuit block.

Clock power is a major component of total power consumption, which makes clock-
gating a very important power saving technique. Register-transfer level (RTL) synthesis tools
are capable of finding the clock-gating opportunities for a design, if the RTL model conforms to
certain modeling guidelines. In [51] an algorithm for clock gating to automatically generate
clock-gated RTL after High-level synthesis (HLS) is presented; since HLS is becoming
increasingly important, there is a need to push such lower-level reduction techniques to a

higher-level.

5.1.3 Sequentiel clock-gating

In traditional clock-gating reduction technique, clock-toggles and inconsequential
computation of the registers could occur. For that a sequential clock-gating [52] aim at
eliminating that problem providing power saving control information across clock boundaries.

Usually sequential clock-gating opportunities are discovered manually based on certain
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characteristics of a design (e.g. pipelining). Since the manual addition of sequential gating
circuitry might change the functionality of the design, sequential equivalence checking is
needed after such changes. Tools (Verification of optimizations), for sequential equivalence
checking are expensive, and based on recent technologies. Therefore, it is desirable to automate
the discovery of sequential clock-gating opportunities using already existing and proven
technologies such as model checking and thereby a priori proving that the changes will not
affect the required functionality. Model Checking Based Sequential Clock Gating (MCBCG)
method, formally proves particular sequential dependencies of registers on other registers and

logic, thus sequentially gating such registers will not require further validation

5.1.4 System level simulation guidedhls approach to generate clock-gated rtl

HLS tool is informed to insert clock-gating for specific parts of the design or the whole
design statically and this technique is very time consuming. Also clock-gating may not save
dynamic power all the time, especially for finer granularities. This savings is also dependent on
the stimulus. In current state of the art methods it is very difficult because the power estimation
IS very time consuming and clock-gating is performed at a net list level, making a decision
making task very difficult. Therefore, in [53] CoDel was proposed in order to allow hardware
description at the algorithm level and thus dramatically reduces design time, Power analysis is
used to compare the effectiveness of CoDeL's automated clock gating to automated clock gating
using Synopsys tools. The results show that a combination of CoDeL and Synopsys clock
gating provides 16% more power savings, on average, than Synopsys' automated clock gating
alone. Finally, the CoDeL platform is compared to a modern DSP processor, and it is found that
the CoDeL platform produces designs with somewhat slower run times, but dramatically lower
power dissipation. Also in [54] propose a novel system-level design methodology, which
utilizes a “relative power reduction model' that can help in predicting the impact of clock-gating
on each register/bank quickly and accurately, by simulating the design at a cycle accurate
transaction-level. As a result, our approach can automatically find the appropriate registers to

clock-gate, guided by the system-level simulation.

5.1.5 Voltage and frequency scaling

Dynamic power is proportional to the square of the operating voltage. Therefore, reducing
the voltage significantly improves the power consumption. Furthermore, since frequency is
directly proportional to supply voltage, the frequency of the circuit can also be lowered, and
thereby a cubic power reduction is possible. An example is shown that the Intel XScale®

processor can dynamically operate over the voltage range of 0.7-1.75 V and at a frequency
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range of 150-800 MHz. The highest energy consumption is 6.3 times of the lowest energy
consumption. Voltage scaling can be performed in the interval V threshold, V normal. Since V
normal is reduced as a device is scaled to lower dimensions, the range that is available for
voltage scaling in sub-micron devices is reduced and voltage scaling becomes less effective.

However, the delay of a circuit also depends on the supply voltage as follows:

\Y

T:kCI dd 29
(Vdd _Vth)2 ( )

Where T is the circuit delay, k is the gain factor, C, is the load capacitance, V,, is the

supply voltage, and Vv, is the threshold voltage. Thus, by reducing the voltage, we can achieve

the power reduction, but the execution time increases. The main objective in achieving power
reduction through voltage and frequency scaling is to obtain power reduction while meeting all
the timing constraints.

Simple analysis shows that if there is a remaining time in execution time witch called
slack, it would be better to run the processor as slow as possible, while meeting the timing
constraints is more dynamic-power-efficient than executing as fast as possible and then idling
for the remaining time. This is the main idea that is used in to exploit the hardware
characteristic for reducing the power.

One other method to recover the lost performance is by scaling down the threshold
voltage to the same extent as the supply voltage. This allows the circuit to deliver the same

performance at a lowerv ,, . However, smaller threshold voltages lead to smaller noise margins

and increased leakage current. Furthermore, this cubic relationship holds only for a limited

range of v, scaling. The quadratic relationship between energy and v ,, deviates as v, is

scaled down into the sub-threshold voltage level. In the sub-threshold region, while the dynamic
power still reduces quadratically with voltage, the sub-threshold leakage current increases
exponentially with the supply voltage. Hence dynamic and leakage power become comparable

in the sub-threshold voltage region, and therefore, “just in time completion” is not energy
inefficient. In practice, extending the voltage range below half V ., is effective, but extending

this range to sub-threshold operations may not be beneficial.

a.  Design-time voltage and frequency scaling

One of the most common ways to reduce power consumption by voltage scaling is that
during design time, circuits are designed to exceed the performance requirements. Then, the
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supply voltage is reduced so as to just meet the performance constraints of the system. This is
also called design-time voltage and frequency scaling. Design-time schemes scale and set the
voltage and frequency, which remains constant (and therefore inefficient) for all applications at

all times.

b.  Static voltage and frequency scaling

Systems can be designed for several (typically a few) voltage and frequency levels and
those levels can be switched at run time. In static voltage and frequency scaling, the change to a
different voltage and frequency is pre-determined; this is quite popular in embedded systems.
However, there are significant design challenges in supporting multiple voltages in CMOS
design. Timing analysis for multiple voltage design is complicated as the analysis has to be
carried out for different voltages. This methodology requires libraries characterized for the
different voltages used. Constraints are specified for each supply voltage level or operating
point. There can be different operating modes for different voltages. Constraints need not be
same for all modes and voltages. The performance target for each mode can vary. Timing
analysis should be carried out for all these situations simultaneously. Different constraints at
different modes and voltages have to be satisfied.

c.  Dynamic voltage and frequency scaling

The application and system characteristics can be dynamically analyzed to determine the
voltage and frequency settings during execution. For example, adaptive scaling techniques
make the decision on the next setting based on the recent history of execution. In follow a state
of art of the evolution of DVFS.

- In 2007, Lee et al. emphasized on the need of a Power Management Unit (PMU)
that controls the generation of the supply voltage and clock to fine-tune the speed
of the target domain. The occupational level and performance required of each
domain are generated to the PMU that decides the upgrade of frequency and
voltage for each of the power domain. V/F line usage by the PMU causes the
system to lock the V/F line. The lock essentially discourages multi-threading [55].

- Also in 2007, Malkowski et al. exploits the fact that the memory bound code can
be power optimized for achieving energy saving. As soon as the application enters
a memory bound phase, pre-fetchers are activated. In the memory bound phase,
the execution time is dominated by the latency caused in the access to the main
memory. Applications in the memory bound phase tend to be idle, waiting for the
required set of data. Moreover, in the memory bound phase, a reduction in the
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CPU voltage and frequency does not lower the performance. Therefore, power
optimization can be achieved [56].

In 2009, Beigne et al. proposed a fully power-aware locally-synchronous and
globally-asynchronous NoC circuit for the implementation of DVFS mechanism.
Adaptive design techniques are used for each of the synchronous NoC units. The
main CPU is required to directly disable/enable the units for entering the power
off mode and executing the reset phase. A multiple supply line for V/F decreases
the voltage frequency transition delay. Therefore, the system becomes more time
efficient [57].

In 2011, Per-core DVFS if applied to chips achieves better application
performance and control accuracy as compared to per-chip DVFS. It is known that
DVFS can allow a cubic reduction in power density for each of the cores in a Chip
Multi-processor (CMP) employing DVFS. The performance of the CMP can
further be enhanced by minimizing the transition time of V/F scaling. Inter band
Tunnel Field Effect Transistors (TFETSs) cores are more energy-efficient at low
frequencies as compared to the CMOS cores. Therefore, combining the two types
of cores in a multi-core architecture and applying DVFS for V/F scaling, a thread
migration scheme is proposed. Low frequency applications are migrated to the
TFET cores, while high frequency applications are more efficiently handled by the
CMOS core. The scheme achieves average dynamic energy and leakage energy
savings of 17% and 30%, respectively. However, the scheme has an overhead of
performance degradation of 1% [58].

In 2012, Herbert et al. proposed a process variation parameter to shift work to
efficient dies or cores. The work shifting can be divided into two levels: (a) among
dies belonging to a given speed bin and (b) between VFI on a given die. The
traditional DVFS schemes have neglected the variations in both the spatially-
correlated within-die process and die-to-die, which if addressed can improve
energy efficiency [59].

In 2014, Wang et al. [60] proposed a power-efficient network calculus-based
(PNC) method to minimize the power consumption of NoC. Based on the slack
that a packet (message between cores are split into several packers) can be further
delayed in the network without violating its deadline, where PNC method uses
power-gating technique to reduce the active buffer size and uses voltage-

frequency scaling technique to reduce the voltage-frequency of each voltage-
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frequency island. With less active buffer units and lower voltage- frequency, the
power consumption of NoC is reduced. Experimental results show that our PNC
method can save at most 50% of the total power consumption.

- Also in 2014, Zhan et al. [61] proposed a methodology to minimize the energy
consumption of NoC without violating the pre-specified latency deadlines of the
real-time applications, where recognizing the distribution of slacks for different
traffic streams, and assigns different voltages and frequencies to different routers
to achieve NoC energy-efficiency, while meeting the deadlines for all packets.
Furthermore, a feedback-control strategy is designed to enable dynamic frequency
and voltage scaling on the network routers in conjunction with the energy
optimization algorithm. It can flexibly improve the energy-efficiency of the

overall network in response to sporadic traffic patterns at runtime.

5.2 Techniques for reducing short circuit power

Short circuit power is directly proportional to rise time and fall time on gates. Therefore,
reducing the input transition times will decrease the short circuit current component. However,
propagation delay requirements have to be considered while doing so. Short circuit currents are
significant when the rise/fall time at the input of a gate is much larger than the output rise/fall
time. This is because the short circuit path will be active for a longer period of time. To
minimize the total average short circuit current, it is desirable to have equal input and output
edge times. In this case, the power consumed by the short circuit current is typically less than

10% of the total dynamic power. An important point to note is that if the supply is lowered to
below the sum of the thresholds of the transistors V ,, < VT, + '\/T . ‘ , the short circuit currents
can be eliminated because both devices will never be on at the same time for any input voltage
value.

5.3 Techniques for reducing leakage power

In the follow some of techniques to reduce leakage power are discussed.

5.3.1 Multiple supply voltage

The multiple supply system provides a high-voltage supply for high-performance circuits

and a low-voltage supply for low-performance circuits. In a dual Vdd circuit, the reduced

voltage (low-V 4, ) is applied to the circuit on non-critical paths, while the original voltage
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(high-V 4, ) is applied to the circuit on critical paths. Since the critical path of the circuit is
unchanged, this transformation preserves the circuit performance. To apply this technique, the

circuit is typically designed using high-V 44 gates at first. If the propagation delay of a circuit
path is less than the required clock period, the gates in the path are given low-V 4 . In an

experimental setting [62], the dual V 44 system was applied on a media processor chip providing

MPEG?2 decoding and real-time MPEGL1 encoding. By setting high-Vdd at 3.3 V and low-Vdd
at 1.9 V, system power reduction of 47% in one of the modules and 69% in the clock
distribution was obtained.

5.3.2 Multiple threshold voltage
Multiple V,, MOS devices are used to reduce power while maintaining speed. High

speed circuit paths are designed using low-V,, devices, while the high-V, devices are applied
to gates in other paths in order to reduce subthreshold leakage current. Several design

approaches have been proposed for dual-V,, circuit design. One approach builds the entire
device using low-V, transistors at first. If the delay of a circuit path is less than the required
clock period, the transistors in the path are replaced by high-V, transistors. The second
approach allows all the gates to be built with high-V, transistors initially. If a circuit path

cannot operate at a required clock speed, gates in the path are replaced by low-V , versions.

5.3.3 Adaptive body biasing

One efficient method for reducing power consumption is to use low supply voltage and
low threshold voltage without losing performance. But an increase in the lower threshold
voltage devices leads to increased sub threshold leakage and hence more standby power

consumption. One solution to this problem is adaptive body biasing (ABB). The substrate bias

to the n-type well of a pMOS transistor is termed vV, and the bias to the p-type well of an
nMOS transistor is termed Vbn. The voltage betweenV ,, and V,, , or between GND and Vbn is

termed Vv, . In the active mode, the transistors are made to operate at low-V 4, and low-V,, for
high performance. The fluctuations in V, are reduced by an adaptive system that constantly

monitors the leakage current, and modulates V, to force the leakage current to be constant. In
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the idle state, leakage current is blocked by raising the effective threshold voltage V,, by

applying substrate bias V, . The ABB technique is very effective in reducing power

consumption in the idle state, with the flexibility of even increasing the performance in the
active state. While the area and power overhead of the sensing and control circuitry are shown
to be negligible, there are some manufacturing-related drawbacks of these devices [63]. ABB
requires either twin well or triple well technology to achieve different substrate bias voltage

levels in different parts of the IC. Experiments applying ABB to a discrete cosine transform

processor reported a small 5% area overhead. The substrate-bias current of V,, control is less

than 0.1% of the total current, a small power penalty.

5.3.4 Power gating

Power Gating is an extremely effective scheme for reducing the leakage power of idle

circuit blocks. The power (V 4 ) to circuit blocks that are not in use is temporarily turned off to

reduce the leakage power. When the circuit block is required for operation, power is supplied
once again. During the temporary shutdown time, the circuit block is not operational — it is in
low power or inactive mode. Thus, the goal of power gating is to minimize leakage power by
temporarily cutting-off power to selective blocks that are not active. Since the power gating
transistors are rather large, the slew rate is also large, and it takes more time to switch the circuit
on and off. This has a direct implication on the effectiveness of power gating. Since it takes a
long time for the power-gated circuit to transition in and out of the low power mode, it is not
profitable to power gate large circuits for short idle durations. This implies that either we
implement power gating at a fine granularity, which increases the overhead of gating, or find
large idle durations for coarse-grain power gating, which are fewer and more difficult to
discover. In addition, coarse-grain power gating results in a large switched capacitance, and the
resulting rush current can compromise the power network integrity. The circuit needs to be
switched in stages in order to prevent this. Finally, since power gates are made of active
transistors, the leakage of the power gating transistor is an important consideration in

maximizing power savings.

5.3.5 Segment gating
The author in [64] finds that a holistic approach that includes links, portions of the

crossbar, arbiters, and buffers yields an appreciable reduction in static power consumption over

previous schemes. The author’s approach was motivated by the observation that bandwidth is
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abundant in on-chip communication interconnects, leading to underutilization of available
network resources on many workloads. This presents an opportunity to turn off links with little
or no impact on the dynamic energy and latency on the rest of the network. Along with the link,
arbitration logic, switch capacity, and buffering at the output port of the upstream node and
input port downstream may be powered down as well. There is potential to save leakage energy
for up to 99% of total cycles.

5.4 Comparison between different power reduction techniques

Table 2.3 summarizes the research aiming at reducing the power consumption in NoC
under timing constraints.

Power Parameters to
Works ) Other comments
Reduction reduce
[51] 25% Area 3% Clock/ a
[52] 30% Nothing Clock/
[53] Area 20%
16% o Clock/ a
Timing 20%
[55] 63% Nothing Vy and f
[56] 39% Nothing V., and f
59 Throughput 5.7 %
9 9.2% P Vi and f
Power/ Throughput 7.7 %
[57] 22-86% Leakage power saving V,, and f
[60] 50% Nothing Vi, and f

Table 2.3. Comparison between different power reduction techniques.

6. Conclusion

Multimedia applications have multi-application scenarios that are embedded onto
multiprocessor where each task of the corresponding graph of the scenario is affected to one of
the chip tiles, for that the application mapping determines the placement of IP cores into the
NoC tiles in such a way that the performances are optimized. It is considered as NP-hard
problem where the search space of the problem increases factorially with the system size and
due to that an effective optimization algorithm is required. The next chapter is about the
mapping strategies with the optimization algorithm that are the most defined in literature.
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CHAPTER IlI

HEURISTIC OPTIMIZATION
ALGORITHMS SPECIFIED IN NETWORK
ON CHIP

1. Introduction
Optimization problems are concerned with finding the values for one or several variables

that meet the best objectives without violating the constraints if it is considered as hard, and
allows small violating if it is considered as soft. But before defining the optimization methods
needed to solve the given problems, it might be helpful to find a classification for its size and its
complexity.

The computational complexity of an optimization problem as well as optimization
algorithms is given by o () which indicates the asymptotic time needed to solve the problem
when it involves n variables and the problem size is determined by the number of these
variables and the complexity becomes o(n2) and is therefore quadratic in n. A real

improvement of the complexity can only be achieved when a better algorithm is found. This
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applies not only for the polynomial problems where the number of computational increases
factorially with the system size. This chapter is divided into three parts. In the first part, we talk
about the problem to be dealt with, considering the routing algorithm, the switching strategy
technique, the task migration, and the dynamic voltage/frequency scaling. In the second part, we
talk about the heuristic optimization methods for NoCs, and in the last part we define genetic

algorithm, cellular automata, and quantum computing.

2. Problems and proposed contributions
2.1 Routing and switching strategy

The design of network on chip without buffers can be a suitable solution for
communication complexity, such as saving the energy consumed during the actions occurred in
buffers, but it will cause a long latency and also an increased misrouting of packets. In this
session, we focused on the design issues in using bufferless routing in NoC while motivated by
the use of small FIFO registers; the idea is to use bufferless routing while guaranteeing minimal
latency and greater throughput. The bufferless routing is a new randomized routing algorithm
with a new format of wormhole flits that use a small FIFO registers. Also, we had proposed a
randomized routing algorithm that works in two steps; the first is to determine the deadlock
factors using a randomized routing algorithm while the second is to choose the direction with
the minimum deadlock factor value.

The Buffers are important design factors of modern high performance in on-chip
networks because they simplify the transmission and prevent packet loss, but also they consume
a significant amount of energy that increases the complexity of the design.

In general, for NoC the memory represents one or many storage elements, can be DRAM
or SRAM or registers. In [135] the author proved that DAMQSV and DAMQS are excellent
schemes to optimize buffer management providing a good throughput when the network has a
larger load. They can utilize significantly less buffer space without sacrificing the network
performance. In [136], the author proposed a hybrid design of input buffers using both SRAM
and STT-MRAM to hide the long write latency efficiently exploiting the benefits of STT-
MRAM that is a near to zero leakage power with optimizing its drawback since the buffer
scheme is more energy consumption and long latency. Simulation results enhance the
throughput by 21% on average. In [137], it is shown that in on-chip interconnection networks
can be designed with no buffers in order to minimize as possible the overall energy, but this
technique results many disadvantages on the network latency with deadlock and livelock

occurring. The bufferless routing requires a small packet injection rate with a maximum
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network utilization where the latter is tracked by the use of Credit-based, once the downstream
node detect free buffer, a packet injection is required. Hence, bufferless routing can be a
promising approach for on-chip networks that primarily operate at a low packet injection rate.

The use of buffers allows a better routing decision for the head flit and due to that the
misrouting is minimized as well, but a significant amount of energy is consumed in result of the
read, write and the control actions, also a portion of energy is leaking which is the result of the
internal short circuits occurring during switching of bits in the incoming data, the switching of
read, write actions and clock activity.

The idea of bufferless routing has been to always route the flit into an output port without
getting into the wait time where the head flit can decide which direction is the better. Each flit is
routed independently of other flits through the network, and different flits from the same packet
may take different paths. A rank is assigned to each flit in case when there is contention
between multiple flits that are destined for a particular direction, the algorithm decides which
one is high ranking.

The traditional wormhole is where each message consists of several packets and the
packet is encapsulated into several flits. The first flit processed the information about the
destination that helps in setting up the path for the flits that are followed in a pipelined fashion.
Once the transmission is completed the tail-flit free the channels occupied by the header flit. In
bufferless wormhole, each flit needs to be head flit because in case of the head-flit is deflected,
the entire packet would follow this head-flit and would be deflected, and that will have a
negative impact on packet latency. One solution is to increase the width of the links, but that
will increase the energy consumption of links [137].

Beside the bufferless routing shows many advantages in reducing complexity, energy
consumption, simplifying and reducing the router Latency with area saving, but only under
lower average injected traffic into the network, otherwise, if the network saturation point was
passed, a live-lock and deadlock will absolutely occur. However, because our objective is to
reduce the energy consumption under multimedia application timing constraints, the pure
bufferless routing is not a promising solution, nor on optimizing our application performances,
nor on respecting the wormhole routing, for that we proposed a new scheme of wormhole that is

presented in chapter.4 session 3.
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2.2 Task migration

2.2.1 Definition of task migration
Task migration [140] [141] is the act of transferring a process between two processing

units, it is considered as an effective strategy to achieve load balancing and high resource
utilization, in another way, it is a call to the operating system during run-time. The call can be
made from both the source and the destination, but all migration callers will be treated as a
generic source regardless of the layer. Task migration is usually started at selected checkpoints
in the program, when a call is made and the migration is granted by the target, the operating
system stops the currently running task by suspending it. The data associated with the task is
stored and moved onto the target core by the migration mechanism. The operating system can,
if the migration was successful, manually switch in a new task for processing. If the manual
context switch was not made, the operating system will switch in the new task after the next

system tick.

2.2.2 Reasons for task migration
Tasks are migrated between cores in order to achieve dynamic load distribution, ensure

fault resilience, provide system administration, minimize energy consumption and thermal chip
management [142],[143]. A fully loaded CPU core can migrate tasks to a lightly loaded core to
increase the overall system performance. Performance improvements will show clearly in
situations when a single core is loaded over its capacity as in the figure 3.1. A less loaded core
can be handed some of the first core’s tasks in order to increase the overall performance in the

system.

TASK 3 @l TASK 6

TASK 4 @ TASK 7

Cc2

Load 100 % Load 5 %

Figure 3.1. Examplel: Load representation on two CPU cores.

Task migration can also be used to migrate all tasks to one single core in order to decrease
the energy consumption, which is shown in Figure 3.2. A CPU core consumes more energy
fully loaded than it does idle. An energy saving strategy comprises shutting down idle cores,

and keeping them shutdown until they are needed. When a core is shut down it consumes the
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least energy [147]. Two cores with light load could, combine the load into a single core with all
the tasks running on it, while the other core could be shut down.

C2

Load 25 % Load 5 %

Figure 3.2. Example2: Load representation on two CPU cores.

2.3 Dynamic voltage/frequency scaling

An Inter-DVFS algorithm has two parts slack estimation and slack distribution. The slack
estimation method for mixed task set varies from that of the periodic task set. Periodic tasks are
known prior about their occurrence and their slack can be determined statically. Unlike periodic
tasks, the arrival time of aperiodic tasks is not fixed and hence, they must be executed with full
frequency in order to achieve better response times. The slack distribution method is simple and
greedy in nature, as all the available slack time is provided for the next ready task.

The DVFS is an efficient technique that plays a key role in the power management; it
saves the power by lowering the operating voltage and clock-speed of a processor in real-time
[145] [146] [147] to meet the executed task timing constraint. By other way, the main
characteristic used in the implementation of the DVFS is running the processor with the
sufficient clock frequency and voltage that it required to be operated.

The implementation of the DVFS can be fragmented into two parts: (a) the adjustment of
the required frequency and (b) the scaling of the applied voltage to a core on the basis of the
workload being processed. In the modern CPU, the processor stalls when a data request is not
entertained. The stall is an indication of the memory bound phase and is an area of focus
pertaining to the energy conservation of the processors. The reduction in the power
consumption of the electronic devices is desirable because it decreases the temperature of the
devices and increases the time elapsed between the charges [148].

The DVFS is an operative technique used to improve the energy efficiency of the
microprocessors. The DVFS achieves the energy efficiency by minimizing the applied voltage
and clock-speed, when the workload decreases. When the applications are not sensitive to the
frequency provided, for instance, in the memory bound state, the DVFS can be applied to

reduce the power budget. As the voltage and frequency are assumed to be linearly dependent on
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each other, reducing the voltage reduces the frequency. The phenomenal property of balancing
the trade-off between power consumption and performance has made the DVFS, a de facto
choice of the multi-core designs.

David et al. [149] exploited the above mentioned benefits of the DVFS in the design of
the Single-Chip Cloud Computer (SCC). The power management using the VVoltage/Frequency
Islands (VFI) was performed in real-time and the result assured that the aforementioned
approach is almost two times better, as compared to the peer energy-saving techniques.

Wang et al. [150] proposed an adaptive power control algorithm for the implementation
of the DVFS. Moreover, the temperature control and cache re-sizing enhance the efficacy of the
proposed algorithm. Nevertheless, no power cap is implemented to confine the maximum power
drawn.

For the single-threaded applications, a control known, along with the DVFS are used to
maximize the efficiency of the multi-core architecture. The thread packing specifies the quantity
of threads running per core and uses the power cap mechanism to maximize the performance of
the multi-threaded workloads with a varied number of cores. The thread reduction, coupled with
the power cap mechanism, limits the maximum power that a particular core can use at any given
instance of the time. Seo et al. [145] had also adopted the power capping mechanism using the
DVFS to restrict the power consumption in the mobile devices and achieved a 10% saving in
the energy consumption.

Jin et al. [148] accomplished 61.69% saving in the energy consumption, using the Hilbert
Transform and the DVFS to implement the workload estimation model. A high accuracy and a
negligible deadline miss ratio were attained. Nonetheless, the proposed design is only viable for
the video encoding applications in the mobile devices.

Gorti and Somani [151] developed a thermal and performance management technique to
improve chip lifetime and leverage application awareness. Chip heating is overcome by the
intelligent selection of voltage-frequency (V, F) pair using the DVFS. The level of the (V, F)
pair is chosen in accordance with the operating point (OP) of the core. Significant performance
improvement and energy savings are obtained using the aforementioned scheme. Moreover, the

reliability of the chip is increased by a factor of sixteen fold.

3. Heuristic optimization methods for NoCs
3.1 Preliminaries

Optimization is an intelligent selecting of the best alternative among a given set of options

or in other way, it can be viewed as a decision making in order to optimize one or several
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objectives according to the given scenarios. Optimization problems arise in various disciplines
such as engineering design, manufacturing system, economics etc. Thus, in view of the practical
utility of optimization problems there is a need for efficient and robust computational
algorithms which can numerically solve with computers the mathematical models of medium as
well as large size optimization problems arising in different fields. In this section, we will define

some preliminaries related with the heuristic optimization.

3.1.1 Objective function
The objective function is in general in the form of an equation that need to be optimized

and it is given based on specific constraints and based on the variables whose need to be

minimized or maximized using nonlinear programming techniques.

3.1.2 Search space
The search space is in the form of a range or values, those values represent the variables

or the space of all solutions that will be searched during optimization that are called search

space.

3.1.3 Types of solutions
A solution to an optimization problem is the results of the objective function, it can be a

feasible solution that satisfies all constraints or in other means; each point in the search space
represents one feasible solution. Also, it can be an optimal solution that represents a feasible
solution that provides the best objective function value. And the last one is the near-optimal
solution that is also a feasible solution, but provides a superior objective function value, but not
necessarily the best.

3.1.4 Constraints
Each constraint can be hard that is must be satisfied or it can be soft that is desirable to

satisfy.

3.1.5 Heuristics
Heuristics are rules of searching or finding optimal or near-optimal solutions. Examples

are FIFO, LIFO, earliest due date first, largest processing time first, shortest distance first, etc.
Heuristics can be constructive while a solution is built piece by piece, or it can improvement

where a better solution is searched based on primary used solution.
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3.2 Characteristics of heuristic optimization methods

The main common characteristics of all heuristic optimization methods is that, they start
with an initial solution, and iteratively produce new solutions by some generation rules and
evaluate those new solutions, and in the final, we report the best solution found during the
search process. The execution of the iterated search procedure is usually stopped or achieved in
case of:

- No further improvement over a given number of iterations.

- When the required solution has been found.

- When the allowed CPU time (or other external limit) has been reached.

Heuristic optimization methods may differ substantially in their underlying concepts, the

following is given the mains over them:

3.2.1 Generation of new solutions
A new solution can be generated by modifying the current solution or by building a new

solution based on past experience or results. In doing so, a deterministic rule, a random guess or

a combination of both can be employed.

3.2.2 Treatment of new solutions
In order to overcome local optima, heuristic optimization methods usually consider not

only those new solutions that lead to an immediate improvement, but also some of those that are
knowingly inferior to the best solution found so far. To enforce convergence, inferior solutions
might either be included only when not being too far from the known optimum.

3.2.3 Limitation of the search space
Some methods exclude certain neighborhoods or regions or individuals to avoid cyclic

search paths or spending too much computation time on supposedly irrelevant alternatives.

3.2.4 Prior knowledge
The prior knowledge is a guideline of making a good solution by storing previous

generation or solutions; it can be incorporated in the choice of the initial solutions or in the
search process. Though the inclusion of prior knowledge might significantly reduce the search

space and increase the convergence speed.

3.2.5 Computational complexity
For heuristic optimization methods, the complexity depends on the costs of evaluating

each solution, the number of iterations, and the population size.

PAGE:
75



Chapter I11: HEURISTIC OPTIMIZATION ALGORITHMS SPECIFIED IN NETWORK ON CHIP

4. Mapping and scheduling techniques in NoC
4.1 Key factors on task mapping

Many factors should be considered during the mapping of task onto NoC tiles, such as:

4.1.1 Target architecture
The target architecture is related to whether nodes in the NoC system are heterogeneous

or homogeneous. Heterogeneity is the most common case, because this factor may improve
system performance in the presence of different kinds of applications. Heterogeneity refers to

having several kinds of nodes in the system (i.e., nodes may be different among them).

4.1.2 Abstraction level of the application specification
The abstraction level in which applications are described is a key factor in mapping tasks

of such applications to the available resources. The first possible approach to this subject is to
use Register Transfer Level, or RTL. RTL is a valuable tool for modeling and designing
complex systems, and often relies on hardware description languages, such as VHDL (VHSIC
Hardware Description Language) and Verilog. Such tools allow modeling a part of the NoC
system such as the communication system [181]. The second reported approach is based on
transaction-level modeling or TLM. Transactions are defined as the event of synchronization or
data exchange among system modules. This approach is appealing because it allows performing
a functional verification of the system, and the modeling is based on languages such as
SystemC. TLM has been used successfully for synthesizing high speed MPSoC systems and for
modeling the communications infrastructure of a NoC [181].

4.1.3 Figures of merit
This factor refers to the optimization criteria which must be considered along the

optimization process related to the mapping stage. Such optimization can be viewed as a
solutions space exploration, where each solution represents a single design choice with different
values of the objective functions [181]. The task mapping process must find an acceptable
solution within the space with allowable and optimized values for such functions. Among the
most common figures of merit used for such optimization process, we may find: power
consumption, delay time, mapping time, temperature, mean number of hops across the network,

network contention, mean channel occupancy, bandwidth, and so on.

4.1.4 Common domain semantic
This is a medium level representation which combines information both from the high

level application description and from the implementation platform. Among the plethora of
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representations available for these purposes, graph-based approaches are the most common,
with instances such as task graphs (TG), communication task graphs (CTG), communication
weight graphs (CWG), communication resources graph (CRG), annotated task graphs (ATG),
synchronous and asynchronous data flow graphs (SDFG and ADFG), and so on. Some other
kinds of such medium— level representation are the Petri Networks (PN), and the Kahn Process
Networks (KPN) [181].

4.1.5 Topologies
Topology refers to the way in which system nodes are physically interconnected.
Topologies may be classified as either regular or irregular. Some instances of common
topologies are meshes, torus, rings, and spidergon ones. Regular topologies are more
constrained with respect to the distribution of the connections, which are generated by means of
mathematical functions. Irregular Topologies are often the mixture of two or more regular
forms, which leads to hybrid, hierarchical or totally irregular topologies.

4.1.6 Optimization algorithms
As already mentioned, the mapping stage relies on an optimization process, which

searches along the solutions space, the design with a better tradeoff among the chosen figures of
merit. The kind of optimization algorithm used for task mapping has a direct impact on the
communications nature. For instance, off-line (static) optimization forces to having predictable
communication assessments, whilst dynamic algorithms allow a more flexible communication

scheme.

4.2 Related work of mapping and scheduling techniques in NoC

Mapping
Methodologie

Design-time (For Run-time (For
Static Workload) Dynamic Workload)

v v v v

Homogeneous Heterogeneous Homogeneous Heterogeneous
Architecture Architecture Architecture Architecture

| |
v

v v v

Centralized Distributed Centralized + Distributed
Management Management Management

Figure 3.3. Taxonomy of Mapping Methodologies. [182]
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There could be a number of taxonomies to classify the mapping methodologies, like target
architecture based, optimization criteria based, workload based, etc. Broadly, the methodologies
can be classified based on workload scenarios and other taxonomies can be included at some
hierarchy in the classification as shown in Figure 3.3. For static and dynamic workload
scenarios, the mapping methodologies perform optimization at design-time and run-time
respectively, which has led them to classify as design-time and run-time methodologies
respectively. The methodologies target either homogeneous or heterogeneous multi-core

systems.

4.2.1 Design-time mapping
Design-time mapping methodologies have a global view of the system which facilitates in

making better decision about using the system resources. As optimization is performed at
design-time, the methodologies can use more thorough system information to make decisions.
Thus, a better quality of mapping may be achieved as compared to the runtime mapping
methodologies that are normally restricted to a local view where only the neighborhood of the
task mapping is considered. Most of the mapping methodologies reported in the literature fall
under design-time mapping, and aim at optimizing for difference performance metrics in order
to fulfill the varying user demands. Different well established search approaches have been
extensively used to develop design-time mapping methodologies in order to find optimal or
near-optimal placement of tasks on platform cores towards improving the compute
performance. In [151], a new parameter selection scheme for simulated annealing is proposed
that sets task mapping specific optimization parameters automatically. The scheme bounds
optimization iterations to a reasonable limit and defines an annealing schedule that scales up
with the application and architecture complexity. The presented parameter selection scheme
compared to extensive optimization achieves 90% goodness in results with only 5%
optimization time, which helps large-scale architecture exploration where optimization time is
important. The optimization procedure is analyzed with simulated annealing, group migration
and random mapping algorithms using test graphs from the Standard Task Graph Set. Simulated
annealing is found better than other algorithms in terms of both optimization time and the result.
Simultaneous time and memory optimization method with simulated annealing is shown to
speed up execution by 63% without memory buffer size increase. As a comparison, optimizing
only the execution time yields 112% speedup, but also increases memory buffers by 49%. In
[152], the author proposed a switch which employs the latency insensitive concepts and applies
the round-robin scheduling techniques to achieve high communication resource utilization.

Based on the assumptions of the 2D-mesh network topology constructed by the switch, its work
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not only models the communication and the contention effect of the network, but develops a
communication-driven task binding algorithm that employs the divide and conquer strategy to
map applications onto the multiprocessor system-on-chip. The algorithm attempts to derive a
binding of tasks such that the overall system throughput is maximized. To compare with the
task binding without consideration of communication and contention effect, the experimental
results demonstrate that the overall improvement of the system throughput is 20% during 844
test cases. In [153], the author proposed an evolutionary algorithm-based technique. To hide
memory latency, prefetching is aggressively performed in the proposed technique. The
experimental results show that our approach reduces the overlay overhead significantly
compared to a non-optimized approach and the previous approach. In [154], the author
addressed the problem of task mapping in the context of multiprocessor applications with
stochastic execution times and in the presence of constraints on the percentage of missed
deadlines.

In [155], the author proposed a methodology consisting of ILP formulation to explore
efficient mappings. These searches based approaches provide efficient mapping solutions, but
they have high computational costs for large scale problems such as applications with large
number of tasks. Different pruning strategies have been incorporated to prune the search space,
thereby reducing the computational costs. In [156], the author proposed a complete allocation
and scheduling framework, where an MPSoC virtual platform is used to accurately derive input
parameters, validate abstract models of system components and assess constraint satisfaction
and objective function optimization. The optimizer implements an efficient and exact approach
to allocation and scheduling based on problem decomposition. The allocation subproblem is
solved through integer programming while the scheduling one through constraint programming.
The two solvers can interact by means of no-good generation, thus building an iterative
procedure which has been proven to converge to the optimal solution. In [157], the author
proposed a decomposition based approach to speed up constraint optimization. They optimize
for the schedule length or make-span.

In [158], the author proposed a complete algorithm based on Constraint Programming
which solves the allocation and scheduling problem as a whole. He introduced a number of
search acceleration techniques that significantly reduce run-time by aggressively pruning the
search space without compromising optimality. The solver has been tested on a number of non-
trivial instances and demonstrated promising run-times on SDFGs of practical size and one
order of magnitude speed-up the fastest known complete approach. In [159], the author

proposed a mapping framework called Distributed Operation Layer (DOL), which optimizes for
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computation and communication time. They integrate an analytic performance analysis strategy
into DOL to alleviate the modeling and analysis of systems. And in [160], the author considered
the number of software pipeline stages to map streaming applications on SPM-based embedded
multi-core system. The proposed method scales well over a wide range of cores and SPMs. In
[161], the author presented a new KPN mapping algorithm that addresses communication and
computation jointly. The algorithm is tested on two platforms with real applications and with
randomly generated KPNs. We show that the algorithm finds solutions in situations where bare
process mapping fails. It also reduced the average application makespan considerably when
compared to previous heuristics.

In [162], the author presented a methodology to map multiple use-cases onto the NoC
architecture, satisfying the constraints of each use-case. We present dynamic re-configuration
mechanisms that match the NoC configuration to the communication characteristics of each
use-case, also accounting for use-cases that can run in parallel. The methodology is applied to
several real and synthetic SoC benchmarks, which result in a large reduction in NoC area (an
average of 80%) and power consumption (an average of 54%) compared to traditional design
approaches.

In [163], the author proposed a many-to-many core-switch mapping (mCSM) that allows
a switch (core) to have multiple connections to its adjacent cores (switches). We also present
decomposition methods that can obtain the suboptimal solutions with enhanced computational
efficiency. Its work is the first to provide an exact mixed-integer linear programming (MILP)
formulation for the complete CSM problems, including the optimal choice of core placements,
switches for each core, and network interfaces for communication flows. Experiments with four
random benchmarks show that 4:4 mCSM achieves 81.2% of energy savings and 2.5% of
bandwidth savings compared with one-to-one mapping. They also show that, for one-to-one
mapping, our optimal solutions obtained by the full MILP save 34.8% of energy consumption
and 34.4% of bandwidth requirement compared with those from the existing algorithms. In
[164], the author proposed compiler approach has four major steps: task scheduling, processor
mapping, data mapping, and packet routing. In the first step, the application code is parallelized
and the resulting parallel threads are assigned to virtual processors. The second step implements
a virtual processor-to-physical processor mapping. The goal of this mapping is to ensure that the
threads that are expected to communicate frequently with each other are assigned to
neighboring processors as much as possible. In the third step, data elements are mapped to the
memories attached to CMP nodes. The main objective of this mapping is to place a given data

item into a node which is closer to the nodes that access it. The last step of our approach
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determines the paths (between memories and processors) for data to travel in an energy efficient
manner. In his paper, he describes the compiler algorithms we implemented in detail and
present an experimental evaluation of the framework. In its evaluation, he tests the entire
framework as well as the impact of omitting some of its steps. This experimental analysis
clearly shows that the proposed framework reduces energy consumption of our applications
significantly (27.41% on average over a pure performance oriented application mapping
strategy) as a result of improved locality of data accesses. In [165], the author introduced a GA
based approach that use Dynamic Voltage Scaling (DVS) to reduce the energy consumption by
up to 51%. These methodologies show significant energy savings. Some methodologies that
perform optimization for both energy consumption and compute performance are introduced in
[103], [118] and [72]. In [166], the author proposed a mapping methodology that reduces power
consumption by decreasing the energy consumption in communication while guaranteeing the
required performance. They methodology provides an energy savings of 51%. In [167], the
author developed an approach that effectively and efficiently allocates execution and storage
slack to jointly optimize system lifetime and cost. While exploring less than 1.4% of the slack
allocation design space, its approach consistently outperforms alternative slack allocation
techniques to find sets of designs within 1.4% of the lifetime-cost Pareto-optimal front. In
[168], the author proposed a thermal-aware system analysis method that produces mappings
with a lower peak temperature of the system, leading to reliable system design. In [169], the
author proposed an algorithm that determines a processor core allocation, level of system-level
and processor-level structural redundancy, assignment of tasks to processors, floorplan, and
schedule in order to minimize system failure rate and area while meeting functionality and
timing constraints. Changes to the thermal profile resulting from changes in allocation,
assignment, scheduling, and floorplan are modeled and optimized during synthesis, as is the
impact of thermal profile of temperature-dependent failure mechanisms. The proposed
techniques have the potential to substantially increase MPSoC system mean time to failure
compared to area-optimized solutions. If power densities are high and the dominant lifetime
failure mechanisms are strongly dependent on temperature. In [170], the author proposed a
lifetime-aware task mapping methodology that produces mappings with higher lifetimes. These
methodologies take preventive measures by performing reliability-aware mapping in order to
reduce the occurrence of faults in the systems. Such preventive measures increase lifetime of
systems.

Most of the design-time methodologies adopt search based approaches (e.g., GA, ILP,

SA) that incur high computational costs. Thus, the evaluation time might not be acceptable for
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large scale problems. However, they provide efficient mapping solutions for small scale
systems within acceptable time. The evaluation time can be reduced by efficient pruning of the
search space, but at the risk of missing the highest quality mapping solutions. The reliability-
aware design-time methodologies increase the system lifetime, but they cannot overcome the
faults incurred in the system.

Further, as the design-time methodologies find the placement of tasks at design-time, they
are not suitable for run-time varying workloads in the systems and run-time changing
environments. Such dynamic workload scenarios require remapping/ run-time mapping of
applications. Even if these mapping methodologies are inadequate for the dynamic workload
scenarios, they might be useful to find the initial task placement, or be optimized to be working

at run-time.

4.2.2 Run-time mapping
In contrast to the design-time mapping, run-time mapping needs to account for the time

taken to map each task as it contributes to overall application execution time. Furthermore, the
tasks are mapped one by one, unlike the static case where all the tasks are mapped at once by
looking globally at the system. Therefore, typically greedy heuristic algorithms are used for
efficient run-time mapping in order to optimize performance metrics such as energy
consumption, communication latency, execution time, etc. The run-time mapping has several
requirements, advantages and issues & research challenge for different available mapping
alternatives.

Requirement: The run-time mapping caters for dynamically workload scenarios where
mapping of one or more already running applications may need to be reconsidered in case of the
following requirements:

* Insertion of a new application into the system, which needs resources from the already
executing applications.

* Modifying parameters of a running application.

* Killing a running application in order to free its occupied resources.

* Changing performance requirements of a running application.

This might need extra resources for performing extra functionality.

» When current mapping is not sufficiently optimal, it requires (re-)mapping.

Advantages: In addition to the suitability for dynamic workload scenarios, run-time
mapping also offers a number of advantages. Some of them are as follows:

+ Adaptability of the available resources: The available resources vary over time as the
applications of the dynamic workload scenario enter at run-time.
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* Ability to enable unforeseeable upgrades: It is possible to upgrade the system for new
applications or changing standards that are not known at design-time, even after the delivery of
the system to the end-user.

* Ability to avoid defective parts of a SoC: If one or more processing cores are not
working properly after production of a SoC, then the defective cores can be disabled before the
mapping process. Aging can lead to defective cores that are unforeseeable at design-time.

At run-time, the mapping of new applications to be supported onto a platform can be
handled either by performing all the processing at the same time. The run-time platform
manager handles the mapping of applications by taking the updated resources’ status (Current
System Status) into account. For on-the-fly mapping, efficient heuristics are required to assign
new arriving tasks on the platform resources. These heuristics cannot guarantee for
schedulability. However, these heuristics are platform independent since they do not use any
platform specific analysis results computed in advance. Such heuristics lend well to map
unknown applications (not available at design-time) on any platform.

For mapping using previously analyzed (DSE) results, the applications to be supported on
a platform should be known at design-time. In such cases, light-weight heuristics are required to
select the most efficient mappings for each application from the design-time (offline) analyzed
mappings stored on the system (Mappings using different number of PEs). The selection is done
subject to available system resources (extracted from Current System Status) and desired
performance (User demands). The selected mapping is used to configure the platform. Compute
intensive analysis is performed at design-time (Design-time DSE), facilitating for light-weight
run-time platform manager that can configure the applications efficiently. In DSE, application
and architecture description are taken as input and a number of mappings are produced. Such
mapping methodologies have been referred to as hybrid mapping as they take the advantages of
both design-time and run-time. The hybrid approach maps applications more efficiently than
on-the-fly heuristics. However, flexibility in these approaches is limited, since all potential
applications must be known in entirety at design-time and analysis results will be applied only
to the analyzed platform. Therefore, design-time analysis needs to be repeated when the
application sets or platform changes. Further, storing analysis results introduces additional
memory overhead.

In [171], the author changes the thread-to-processor mapping at run-time based on the
workload variation in order to optimize the performance. An improvement of 29% is achieved
in the overall execution time. In [172], the presented heuristic offers additional advantage to

trade-off execution time versus solution quality. In [173] the author proposed a variation-aware
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task and communication mapping methodology for multiprocessor system-on-chips that use
network-on-chip communication architecture so that the impact of parameter variations can be
mitigated. His mapping scheme accounts for variation in both the processing cores and the
communication links to ensure a complete and accurate model of the entire system. A new
design metric, called performance yield and defined as the probability of the assigned schedule
that meet the predefined performance constraints, is used to guide both the task scheduling and
the routing path allocation procedure. An efficient yield computation method for this mapping
complements and significantly improves the effectiveness of the proposed variation-aware
mapping algorithm. Experimental results show that our variation-aware mapper achieves
significant yield improvements over worst-case and nominal-case deterministic mapper.

In [174], the author performed adaptive resource management to maintain the QoS
requirement of the application. In [175], the author proposed a run-time strategy for allocating
the application tasks to the platform resources in homogeneous networks-on-chip (NoCs). As a
novel contribution, he incorporated the user behavior information in the resource allocation
process; this allows the system to better respond to real-time changes and adapt dynamically to
user needs. Several algorithms are then proposed for solving the task allocation problem, while
minimizing the communication energy consumption and network contention. If user behavior is
taken into consideration, we observe about 60% of communication energy savings (with
negligible and energy runtime overhead) compared to an arbitrary task allocation strategy.

In [176], the author presented a number of communication-aware run-time mapping
heuristics for the efficient mapping of multiple applications onto an MPSoC platform in which
more than one task can be supported by each processing element (PE). The proposed mapping
heuristics examine the available resources prior to recommending the adjacent communicating
tasks on to the same PE. In addition, the proposed heuristics give priority to the tasks of an
application in close proximity so as to further minimize the communication overhead. His
investigations show that the proposed heuristics are capable of alleviating network-on-chip

congestion bottlenecks when compared to existing alternatives.

4.2.3 Upcoming trends and open challenges in hybrid mapping
The reported mapping methodologies provide three alternatives: design-time mapping,

on-the-fly mapping and hybrid (design-time analysis and then run-time use) mapping. Design-
time techniques have pre-dominated the reported literature. However, their inability to handle
dynamic workload scenarios has led to the formulation of on-the-fly mapping methodologies.
On-the-fly strategies surmount the limitation of handling dynamic workloads at run-time, but
with the fallout of possible non-optimal mapping due to limited compute power at run-time.
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Recently, the issues of design time and on-the-fly strategies have been addressed by developing
hybrid mapping methodologies that attempt to incorporate the advantages of both. Hybrid
strategies combine design space exploration of design-time techniques with the run-time
management in order to select mapping configurations that are best suited to newly arriving
applications.

They involve minimum computation at run-time, facilitating for light-weight run-time
manager performing efficient mapping. Our experimental results have shown that runtime
mapping gets speeded up by 93% when compared to state-of-the-art on-the-fly mapping
methodologies [177]. Although the advantages of hybrid strategy seem promising, it comes
with its own trade-offs due to the inherent pseudo dynamic nature and inability to handle new
applications without available design-time exploration.

With no doubt, hybrid strategies seem to be followed in the field of mapping
methodologies, but due to their nascent development and lack of in-depth examination, further
development of design-time and on-the-fly mapping methodologies will continue hand-in-hand

with hybrid strategies.

5. Classification of heuristic optimization methods
Optimization problems can be of different type such as multi objective optimization,

multimodal optimization and combinatorial optimization. In this session, we will detail the
combinatorial optimization. Many problems are basically divided into two categories; the first is
where the solutions are programmed with real valued variable and the other is those where
solution is programmed with discrete variable where the combinatorial optimization problems
belong to.

In this section, we distinguished three main categories of optimization algorithm based on
their efficiency of solving problems and the way of exploring the search space with dealing with
the set of solutions. We characterized:

5.1 Trajectory methods

The trajectory methods are those working on a single solution. The term “trajectory
methods” is used according the search that is done by these methods which is characterized by a
trajectory in the search space. The following subsections will provide introductions of two types

of trajectory methods:
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5.1.1 Tabu search
Tabu search [75] was first proposed by Glover in 1986. Tabu search is a metaheuristic

that guides a local search heuristic to escape from local minima and in the same time, to
implement an exploration scheme. The simple tabu search algorithm applies an improving local
search where at each iteration, the best solution among the list of neighborhoods is selected and
remarked as a new current solution. A short-term memory is implemented as a tabu list where
solution attributes are stored to avoid short term cycling. A term Aspiration criteria are defined
which is allowed to include some unvisited solution of good quality which are excluded from
allowed set. Starting from the basic search strategy, a number of developments and elaboration
have been proposed over the years, and these include an introduction of intensification and
diversification mechanisms where they are implemented via different forms of long term
memories. Adaptive memories provide a mechanism allowing a diversity and intensity of the

search in order to create more flexible search behaviors.

5.1.2 Variable neighborhood search
Variable neighborhood search (VNS) was proposed by Mladenovic and Hansen in 1997.

VNS [90] is a method based on the idea of dynamically changing neighborhood within a local
search with a descendent method to get from the neighbors to local optima exploring,
systematically or at a random distant neighborhood of the incumbent solution. The method
moves from this current solution to new one if there is an improvement in the solution. In this
way, optimal variable is kept in the incumbent and obtains promising neighbors. VNS have

three main cycles that consist of shaking, local search and move.

5.2 Population based metaheuristics

This type of metaheuristic explicitly works with a set of solutions that are merged, either
implicitly or explicitly, to create new another solution. We only introduce the used methods in

our implementation that is genetic algorithms and it as follows:

5.2.1 Genetic algorithms

5.2.1.1 History

Darwin’s theory of Evolution states that all life is related and has descended from a
common ancestor. The theory presumes that complex creatures have evolved from more
simplistic ancestors naturally over time. In a nutshell, as random genetic mutations occur within
an organism's genetic code, the beneficial mutations are preserved because they aid survival -- a

process known as "natural selection.” These beneficial mutations are passed on to the next
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generation. Over time, beneficial mutations accumulate and the result is an entirely different
organism.

Genetic algorithms are adaptive heuristic search algorithm premised on the Darwin’s
evolutionary ideas of natural selection and genetic. The basic concept of genetic algorithms is
designed to simulate processes in natural system necessary for evolution. As such, they
represent an intelligent exploitation of a random search within a defined search space to solve a
problem. First pioneered by John Holland in the 60’s, GAs has been widely studied,
experimented and applied in many fields in engineering world. Not only does genetic algorithm
provide an alternative method to solving problem, it consistently outperforms other traditional
methods in most of the problems link. Many of the real world problems which involve finding
optimal parameters might prove difficult for traditional methods but are ideal for genetic

algorithms.

5.2.1.2 Definition

Evolutionary algorithms (EAs) are population-based meta-heuristic optimization
algorithms that use biology-inspired mechanisms and survival of the fittest theory in order to
refine a set of solution iteratively.

Genetic algorithms are subclass of evolutionary algorithms where the individuals of the
search space are binary strings or arrays of other elementary types. Genetic algorithms are
computer based search techniques patterned after the genetic mechanisms of biological
organisms that have adapted and flourished in changing highly competitive environment. The
last decade has witnessed many exciting advances in the use of genetic algorithms to solve
optimization problems in process control systems. Genetic algorithms are the solution for
optimization of hard problems quickly, reliably and accurately. As the complexity of the real-
time controller increases, the genetic algorithms applications have grown in more than equal
measure, the pseudo code of genetic algorithm is defined in Algorithm 3.1.

One of the most fundamental principals in our world is the search for an optimal state.
Optimization is the process of modifying the inputs or characteristics of a device, mathematical
process to obtain minimum or maximum of the output. The input to the optimization process is
the cost function, objective function or fitness function and the output is the fitness function of
the system. Optimization is a primary tool, needed to tackle the unsolvable or hard problems.
Optimization algorithms can be characterized into five categories. In the trial and error

optimization, the processes affect the output without knowing about the constraints, responsible
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to produce the output. A mathematical formula describes the objective function for
optimization.

One dimensional optimization contains one variable and a problem having more than one
variable requires multi-dimensional approach. As the number of dimensions increases, the
process of optimization becomes difficult. Dynamic optimization is time dependent, whereas
the static optimization is independent of time. The static problem is difficult to solve for finding
the best solution, but the added dimension of time increases the challenge of solving dynamic
problems. Discrete variable optimization contains only a finite number of possible values,
whereas continuous variables have an infinite number of possible values. Variables often have
limits or constraints. Constrained optimization incorporates variable equalities and inequalities
into the cost function, whereas unconstrained optimization allows the variable to take any value.
Many problems have been solved by the use of the GA. In [100], the author proposed a genetic
algorithm to solve quadratic assignment problem. Experiment illustrates that genetic algorithms
find a better solution than those of the best previously known heuristics. In [101], the author
proposed genetic algorithm to solve the set partitioning problem when a basic genetic algorithm
components such as fitness definition, parent selection and population replacement are modified
and the experiment shows that genetic algorithm based heuristic is producing high quality
solutions. In [102], the author proposed a genetic algorithm based heuristic for solving the
generalized assignment problem where the GA heuristic includes a problem-specific coding of a
solution structure, a fitness-unfitness pair evaluation function and a local improvement
procedure and the experiment shows that the genetic algorithm heuristic is able to find high
quality solutions. In [103], the author proposed genetic algorithm for solving the
multidimensional knapsack problem where a heuristic based upon genetic algorithm is
introduced and it is capable of obtaining high quality solutions to the problem. In [104], the
author proposed genetic algorithm to solve the quadratic assignment problem where GA
includes many greedy principles in its design. In [105], the author proposed genetic algorithm to
solve vehicle routing problem with time window and three evolutionary algorithms were
described and compared with the other metaheuristic algorithm. In [106], the author proposed a
genetic algorithm to solve traveling salesman problem with precedence constraints where the
key concept is the topological sort. Also a new crossover operation is introduced for the
proposed genetic algorithm and the experiment shows that the proposed genetic algorithm
produces an optimal solution and shows better performance compared to the traditional

algorithm.
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ALGORITHM 3.1. PSEUDO CODE FOR GENETIC ALGORITHM
Generate P random chromosome;
REPEAT
Determine fitness of all chromosomes i=1..P;
Determine probabilities Pi based on relative fitness;
For number of reproduction;
Randomly select two parents based on Pi;
Generate two children by crossover operation on parents;
END
Insert offspring into the population;
Apply mutation to all/some individuals;

UNTIL halting criterion is met;

In [107], the author proposed an improved genetic algorithm to solve traveling salesman
problem where the new crossover operation, population reformulates operation, multi mutation
operation, partial local optimal mutation operation and rearrangement operation are used to
solve the problem. In [108], the author proposed an improved genetic algorithm for solving
scheduling problem while the proposed approach is improved by a genetic algorithm using
multipliers can be altered during the search process. In [109], the author proposed a genetic
algorithm for solving traveling salesman problem where two mutation operations named
inverted exchange and inverted displacement are combined to increase the performance of
genetic algorithm. In [110], the author proposed genetic algorithm to solve flow shop
scheduling problem where a genetic algorithm based heuristic is described to make span

minimization on flow shop scheduling.

5.2.1.3 Working principle of genetic algorithms

The workability of genetic algorithms is based on the Darwinian’s theory of survival of
the fittest. Genetic algorithms may contain a chromosome, a gene, a set of the population,
fitness, fitness function, breeding, mutation and selection. Genetic algorithms begin with a set
of solutions represented by chromosomes, called a population. Solutions from one population
are taken and used to form a new population, which is motivated by the possibility that the new
population will be better than the old one. Further, solutions are selected according to their
fitness to form new solutions, that is, offspring. The above process is repeated until some

condition is satisfied. Algorithmically, the basic genetic algorithm is outlined as below:
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Step | [Start] Generate random population of chromosomes, that is, suitable solutions for
the problem.

Step Il [Fitness] Evaluate the fitness of each chromosome in the population.

Step 111 [New population] Create a new population by repeating the following steps until
the new population is complete.

a) [Selection] Select two parent chromosomes from a population according to their
fitness. Better the fitness, the bigger chance to be selected to be the parent.

b) [Crossover] With a crossover probability, cross over the parents to form new offspring,
that is, children. If no crossover was performed, offspring is the exact copy of parents.

¢) [Mutation] With a mutation probability, mutate new offspring at each locus.

d) [Accepting] Place new offspring in the new population.

Step 1V [Replace] Use new generated population for a further run of the algorithm.

Step V [Test] If the end condition is satisfied, stop, and return the best solution in current
population.

Step VI [Loop] Go to step 2.

The genetic algorithms’ performance is largely influenced by crossover and mutation

operators. The block diagram representation of genetic algorithms is shown in Figure 3.4.
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Population : Generate N

individuals

Assign fitness to each

individuals

Select two individuals

(Parent1 and Parten2)

Use crossover two produce

two offsp rings

Crossover

finished ?

Assign fitness to offsprings

Apply replacement to

incorporate offsprings to

population
Select one offspring

Apply mutation to offspring

Terminate?

Mutation Assign fitness to

finished ? offsprings

Finish

Figure 3.4. Block diagram representation of genetic algorithms.

a. Encoding technique in genetic algorithms
Encoding techniques in genetic algorithms are problem specific, which transforms the

problem solution into chromosomes. Various encoding techniques used in genetic algorithms

are binary encoding, permutation encoding, value encoding and tree encoding.

a.a Binary encoding
It is the most common form of encoding in which the data value is converted into binary

strings. Binary encoding gives many possible chromosomes with a small number of alleles. A

chromosome is represented in binary encoding as shown in Figure 3.5.
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ons - o o W o I
Chromosome2
0 JOMCH

Figure 3.5. Binary encoding.

a.b Permutation encoding
Permutation encoding is best suited for ordering or queuing problems. Travelling

salesman is a challenging problem in optimization, where permutation encoding is used. In
permutation encoding, every chromosome is a string of numbers in a sequence as shown in

Figure 3.6.

Chromosomel 2 . 1 . 6

Figure 3.6. Permutation encoding.

a.c Value encoding
Value encoding can be form number, real number of characters to some complicated

objects. Value encoding is a technique in which every chromosome is a string of some values
and is used where some more complicated values are required. It can be expressed as shown in

Figure 3.7.

Chromosomel iR[steyA 2.1001 -
Chromosome?2 east -

Figure 3.7. Value encoding.

a.d Tree encoding
It is best suited technique for evolving expressions or programs, such as genetic

programming. In tree encoding, every chromosome is a tree of some objects, functions or
commands in programming languages.

Locator/identifier separation protocol (LISP) programming language is used for this
purpose.LISP programs can be represented in a tree structure for crossover and mutation. In the
tree encoding, the chromosomes are represented as shown in Figure 3.8.

There are no specific directions for using the type of encoding scheme in the specified

problem rather, it depends upon the applicability and the requirements of the problem.
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Figure 3.8. Tree Encoding.

b. Selection techniques in genetic algorithms (GAS )
Selection is an important function in genetic algorithms, based on an evaluation criterion

that returns a measurement of worth for any chromosome in the context of the problem. It is the
stage of genetic algorithm in which individual genomes are chosen from the string of
chromosomes. The commonly used techniques for selection of chromosomes are Roulette

wheel, rank selection and steady state selection.

b. a Roulette wheel selection

In this method the parents are selected according to their fitness. Better chromosomes, are
having more chances to be selected as parents. It is the most common method for implementing
fitness proportionate selection. Each individual is assigned a slice of the circular roulette wheel,
and the size of the slice is proportional to the individual fitness of chromosomes, that is, bigger
the value, larger the size of slice is. The functioning of the roulette wheel algorithm is described
below:

Step 1 [Sum] Find the sum of all chromosomes’ fitness in the population.

Step 2 [Select] Generate random number from the given population interval.

Step 3 [Loop] Go through the entire population and sum the fitness. When this sum is
more than a fitness criteria value, stop and return this chromosome.

Figure 3.9 shows the roulette wheel for six individuals having different fitness values. The
Sixth individual has a higher fitness than any other, it is expected that the Roulette wheel

selection will choose the sixth individual more than any other individual.
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Figure 3.9. Roulette wheel method.

b.b Rank selection method

The application of the roulette wheel selection method is not satisfactory in genetic
algorithms, when the fitness value of chromosomes differs very much. It is a slower
convergence technique, which ranks the population by certain criteria and then every
chromosome receives fitness value determined by this ranking. This method prevents quick
convergence and the individuals in a population are ranked according to the fitness and the
expected value of each individual depends on its rank rather than its absolute fitness.

The rank selection method is shown in Figure 3.10. For example, if the best chromosome
fitness is 80 percent, its circumference occupies 80 percent of the roulette wheel and then other
chromosomes will have minimum chances to be selected. On the other hand, the rank selection
first ranks the population according to their fitness and then every chromosome receives
ranking. The worst will have fitness 1, the second worst will have a fitness of 2, and the best

one will have a fitness value n, where n is the number of chromosomes in the population.

B Chromosome 1
B Chromosome 2
Chromosome 3

B Chromosome 4

Figure 3.10. Rank selection methods.
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b.c Steady-state selection

This method replaces few individuals in each generation, and is not a particular method
for selecting the parents.

Only a small number of newly created offspring put in place of least fit individual. The
main idea of steady-state selection is that bigger part of chromosome should retain to successive

population.

5.2.1.4 Genetic algorithms operators

Genetic algorithms can be applied to any process control application for optimization of
different parameters. Genetic algorithms use various operators viz. the crossover, mutation for
the proper selection of optimized value. Selection of proper crossover and mutation technique

depends upon the encoding method and as per the requirement of the problem.

a. Crossover

It is the process in which genes are selected from the parent chromosomes and new
offspring is created. Crossover can be performed with binary encoding, permutation encoding,

value encoding and tree encoding.

b.a Binary encoding crossover
In the binary encoding, the chromosomes may crossover at a single point, two points,

uniformly or arithmetically. In single point crossover, a single crossover point is chosen and the
data before this point are exactly copied from first parent and the data after this point are exactly
copied from the second parent to create new offspring. Two parents in this method give two
new offspring. The two point crossover is illustrated in Figure 3.11.

Before crossover After crossover
B0 00 D5 - DEDDn
n 0.0 n-_-o - 0. on 0 - 0

Figure 3.11. Two point crossover.
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b.b Uniform crossover
In uniform crossover, data of the first parent chromosome and second parent chromosome

are randomly copied, which is illustrated in Figure 3.12.

Before crossover After crossover

OO 0 00 OO DEEDD
O OOl O b0

Figure 3.12. Uniform crossover.

b.c Arithmetic crossover
In arithmetic crossover, crossover of chromosomes is performed by AND and OR

operators to create new offsprings as illustrated in Figure 3.13.
Before crossover After crossover

ormre) 0
nno 0“0 0“ -0 0 0-0 on

Ofrg 2 01
H - SO0 - DESDD
Figure 3.13. Arithmetic crossover.
b.d Permutation encoding crossover

In permutation encoding crossover, one crossover point is selected. The permutation is
copied from first parent chromosome up to the point of crossover and the other parent
chromosome is exactly copied to ensure that no number is left to be put in the offspring.
Further, if the number is not yet in the offspring, it is added to the offspring chromosome.
Travelling salesman problems and task ordering problems can be easily solved by permutation

encoding. Figure 3.14 illustrates the single point crossover with permutation encoding.
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Before crossover After crossover
(2 1]a[6/5EM 87321 4/65[3/87
(1[5]7|6/4]EM> 3 8|1 5(7 64/ 2]3 8]

Figure 3.14. Permutation encoding crossover.

b.e Value encoding crossover
It can be performed at a single point, two point, uniform and arithmetic representation as

in binary encoding technique. Figure 3.15 illustrates the single point crossover with value
encoding.

Before crossover After crossover
4.1987 EXL0L -3.089 4.1987 EXL -

Figure 3.15. Value encoding crossover.

b. f Tree encoding crossover
In this type of crossover, one point of crossover is selected in both parent tree

chromosomes, which are divided at a point. The parts of the tree below crossover point are
exactly exchanged to produce new offspring, which is illustrated in Figure 3.16.
The choice of the type of the crossover is strictly depends upon the problem.

Before crossover After crossover

Parentl | Parent2 Offspring1 Offspring2

o, . 3

—— i i

Figure 3.16. Tree encoding crossover.
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b. Mutation

Premature convergence is a critical problem in most optimization techniques, consisting
of populations, which occurs when highly fit parent chromosomes in the population breed many
similar offspring in early evolution time. Crossover operation of genetic algorithms cannot
generate quite different offspring from their parents because the acquired information is used to
crossover the chromosomes. An alternate operator, mutation, can search new areas in contrast to
the crossover. Crossover is referred as exploitation operator, whereas the mutation is
exploration one. Like crossover, mutation can also be performed for all types of encoding

techniques.

b.a Binary encoding mutation
In binary encoding mutation, the bits selected for creating new offspring are inverted,

which is illustrated in Figure 3.17.
In binary encoding mutation, if the bit 1 is converted into bit 0, it decreases the numerical
value of the chromosome, and is known as down mutation. Similarly, if the bit O is converted

into bit 1, the numerical value of the chromosome increases and is referred as up mutation.

Before mutation After mutation

e ooy
OO -0 -0 OO -0 0

f
e oo
O DOEDE -0 DD
f

—2~ | Indicates the bit to be mutated

Figure 3.17. Binary encoding mutation.

b.b Permutation encoding mutation
In permutation encoding mutation, the order of the two numbers given in a sequence are

exchanged as it is illustrated in Figure 3.18.
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Before mutation After mutation

EDDGBE0E BENOENDR

—r- —r-
IEEGDEEED DENDEBED
- A

After mutation

ol Indicates the bit to be mutated

Figure 3.18. Permutation encoding mutation.

b.c Value encoding mutation
In value encoding mutation, a smaller numerical value is either added or subtracted from

the selected values of chromosomes to create new offspring, which is illustrated in Figure 3.19.

Before mutation After mutation

41987 A -2.1001 4.1987 EXLL

3.089
- -
—~2- ndicates the bit to be mutated

Figure 3.19. Value encoding mutation.

b.d Tree encoding mutation
Tree encoding mutation, mutates the certain selected nodes of the tree to create new

offspring, which is illustrated in Figure 3.20.

Before mutation After mutation

Parent1 Parent2 Offspring1 Offspring2

—_— ’_,_In
X @
-
o

Figure 3.20. Tree encoding mutation.
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5.2.1.5 Genetic algorithms issues

Genetic algorithms can be applied in complex non-linear process controllers for the
optimization of parameters. Some issues are important to be considered for proper
implementation of genetic algorithms to a plant to be optimized. Deciding on population size is
an important issue while applying genetic algorithms. It is recommended by the researchers,
that the population size should be of about 20 to 30 chromosomes. A very big population size
consumes more time for finding optimum solution, which may deteriorate the performance of
genetic algorithms.

Genetic algorithms may suffer from the problem of premature convergence due to
improper selection of crossover rates. The higher crossover rate of about 85 percent to 95
percent is recommended to minimize premature convergence problems.

The low mutation rate of about 0.5 percent to 1 percent is generally recommended to
obtain optimized results from genetic algorithm. Mutation is an artificial and forced method of
changing the numerical value of the chromosome. Mutation should be avoided as far as possible
because it is totally adhoc and random in nature. Small mutation rates prevent genetic
algorithms from falling into local maxima or minima.

Deciding on selection method for selecting good chromosomes is another important issue
while applying genetic algorithms for process control applications. Rank selection method and
roulette wheel selection methods have shown good results over other methods of selection.

Genetic algorithms play an important role in process control applications for the
optimization of parameters. Many researchers have contributed in this field. A broad review of
genetic algorithm applications gives the directions to use this technique for the optimization of
the process controllers.

According to [131], even GAs present many advantages, GA have also some weakness,
limitations, and difficulties includes:

1. The problem of identifying the fitness function and definition of representation of the
problem;

2. The problem of choosing the various parameters like the size of the population,
mutation rate, crossover rate, the selection method and its strength;

3. Some time, premature convergence occurs and have trouble finding the exact global
optimum;

4. Not effective for smooth unimodal functions, no effective terminator, and cannot use

gradients;
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5. Cannot easily incorporate problem specific information and Configuration is not
straightforward;

6. Not good at identifying local optima, it needs to be coupled with a local search
technique.

Even if GAs met these limitation, one can mitigate some by profiting its advantages like
its possibility of parallelism and easy to discover global optimum by parallel search from
multiple points in the space, hybridization with other different methods etc; or by identifying
the problems that are solved easily by GAs (e.g. GA solve comfortably combinatorial
optimization and transportation problems than smooth unimodal functions, for the later one can
hybrid GA with other methods like Gradients etc.

6. Cellular automata
6.1 History

Cellular automata (CA) trace their beginning to the Los Alamos Laboratory in the 1940s,
where mathematician John von Neumann was studying the concept of self-replicating robots.
His idea was that moons or asteroids would be most efficiently mined by such automata, due to
the exponential growth of their population. The cost of experimenting with such robots,
however, was prohibitive. Stanislaw Ulam, also at Los Alamos, was working on the problem of
crystal growth using a lattice model. At his suggestion von Neumann applied a lattice grid
model also to the problem of self-reproducing automata. This model became what is now
known as cellular automata.

What von Neumann invented with pen and paper was later popularized by the automaton
known as the Game of Life, which is described above. Invented in the 1970s by John Conway,
this model displays a wide variety of complex patterns despite its very simple rules for whether
a given cell should ‘live’ or ‘die’. This simple CA caught the attention of researchers in a wide
variety of fields, including computer science, physics, biology, economics, and mathematics.

In the 1980s Stephen Wolfram published a number of papers detailing his study of the
universality of cellular automata and the complexity of their patterns. In 2002, after having
studied cellular automata for decades, Stephen Wolfram published a 1280 page text on the
subject of their simple rules and complex patterns. This fact, that cellular automata can display
complex patterns despite having simple rules, is a reason that they are considered to be such a
useful model type.

At the University of Siegen, Duchting and VVogelsaenger did some of the earliest research
in the area of using cellular automata to model tumor growth. Their 1984 paper describes a
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three-dimensional simulation of tumor growth and describes what its application to tumor

treatment might be.

6.2 Characteristics of cellular automata

The following describe some terms and characteristics that shared by the most of cellular
automata:

Discrete space: The space S which determines the dimension and the size of the
configurations that is discrete.

Finite state set: The state set Q is always finite and typical Q = {0, 1} which defines a
binary CA.

Cell/cell value: Each space-position i € S identifies a cell which contains a cell-value Xi
€Q.

Configuration: A configuration X is the concatenation of all cell-values on the space S
at time t, and therefore an element of Q°.

Local function: The time evolution of the different cells is described by a local
function f. Like the space of a CA, the time-parameter is also considered discrete.

Neighborhood scheme: The outcome of the local function at position i only depends on a
finite set of cell-values in the vicinity of i. This set is defined by the neighborhood scheme N of
the CA.

Global function: Given a space S (compatible with the neighborhood scheme), the local
function f imposes a global function f; on the set of configurations. This global function
determines the space/time behavior of the cellular automaton on an initial configuration.

The most stringent and typical characteristic of the CA-model is the restriction that the
local function does not depend on the time t or the place i: a cellular automaton has
homogeneous space/time behavior. It is for this reason that CA is sometimes referred to as a

shift-dynamical or translation invariant systems.

6.3 Formal definition of cellular automata

A cellular automaton is a discrete dynamical system where the space, time, and the states
of the system are discrete. Each point in a regular spatial lattice is called a cell and can have any
one of a finite number of states. The states of the cells in the lattice are updated according to a
local rule. That is, the state of a cell at a given time depends only on its own state on one time

step previously, and the states of its nearby neighbors at the previous time step. All cells on the
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lattice are updated synchronously. Thus the state of the entire lattice advances in discrete time
steps.

Formally, we define CA in the following way:

Definition 1. A Cellular Automaton is a 4-tuple (L,), N, f) consisting of a d-
dimensional lattice of cells indexed by integers,L. = Z4, a finite set Y. of cell states, a finite
neighborhood scheme N =< 74, and a local transition function f: ¥V - ¥ .

The transition function f simply takes, for each lattice cell position, x € L, the states of
the neighbors of x, which are the cells indexed by the set x 4+ N at the current time step, t € Z
to determine the state of cell x at time t 4+ 1. There are two important properties of cellular
automata that should be noted. Firstly, cellular automata are space-homogeneous, in that the
local transition function performs the same function on each cell. Also, cellular automata are
time-homogeneous, in that the local transition function does not depend on the time step t.

We may also view the transition function as the one that acts on the entire lattice, rather
than on individual cells. In this view, we denote the states of the entire CA as a configuration
C € Y. ¥ which gives the state of each individual cell. This gives us a global transition function
which is simply a function that maps F: Y. © — 3 L. Formally, we can express the evolution of
CA by the formula:

Sit+1D)=f{Sj(t)DoujeViAVi (5)

Figure 3.21 and Figure 3.22 illustrate a simple cellular automaton as presented in [130].
The lattice of this CA is the set of integers Z, i.e., the CA is one-dimensional. The neighborhood
of each cell consists of the cell itself, along with its two nearest neighbors, one to each side. The
cells, represented by boxes, have two possible states, in this the cases are represented by the box
being either black or white. Figure 3.21 shows a pictorial representation of the CA transition
function, as presented in [130]. Figure 3.22 gives a pictorial description of the automaton’s

evolution in time.

__ || Ei B || BN |iN NN [EEN
INE BN BN NS E pe

Figure 3.21. The first row represents the current state of the cell, as well as that of its nearest
neighbors on either side. This is the input to the transition function. The possible states are either white or black.
The second row represents the output of the transition function, i.e., the state of the cell after applying the transition
function. Reading the diagram from the left, if the cell is in the state black and both neighbors are black as well,
then the cell will be colored in white in the next time step. And if the right neighbor is white, then the cell will
remain black, and so forth [130].
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Figure 3.22. From top to bottom, left to right, the figures represent the evolution in time of the CA
described in Figure 3.21. The initial configuration, shown in the top left image, is a single cell colored black, while
all others are white. Time flows downwards. Each subsequent image depicts the current state of the automaton, and

all stages since the initial one [130].

7. Quantum computing
The term “Quantum mechanics” is widely used in research, so what is it? The quantum

mechanics is a mathematical framework or set of rules for the construction of physical theories.
Quantum computation and quantum information are the studies of the information

processing task that can be accomplished using quantum mechanical systems
7.1 Prerequisites
We give here some important prerequisites about quantum computers that will be needed

to understand the concepts of quantum computing.

7.1.1 Dirac’s Notation
Dirac invented the “bra-ket” notation. It is very useful in quantum mechanics. The

notation defines the “ket” vector, denoted by y ), (¢ |being its conjugate transpose (also called

Hermitian conjugate: the “bra”). The bracket” is then defined by<¢ |‘I’> . The inner product is

linear, and defined by:

(ply)=c (6)

¢ is a number, ifc = (4] ), the complex conjugate is
- lpb) -l 0
PAGE:

104



Chapter I11: HEURISTIC OPTIMIZATION ALGORITHMS SPECIFIED IN NETWORK ON CHIP

7.1.2 Qubit
A qubit is a quantum system in which the boolean states o and 1 are represented by a

prescribed pair of normalized and mutually orthogonal quantum states labeled as { o).]1) ),

The |o) is called “ground state;” the |1) is the “excited state”. As the most general electronic

state is a superposition of the two basic states, we then have:
[#,)=al0)+bl2) ®
The two states form a “computational basis” and any other (pure) state of the qubit can be

written as a superposition «|0)+ p[1) for « and g such as o2+ 52 = 1. Habitually, a qubit is a

microscopic system, such as an atom, a nuclear spin, or a polarised photon.

7.1.3 Quantum Register
A collection of n qubits is called a quantum register of size n . For example, a quantum

register of size 4 can store individual numbers such as 13:[1)®|1)® [0)® |1) = [1101 ) = [13),

where ® denotes the tensor product. It can also store the two of them simultaneously.

7.1.4 Quantum Logic Gates
Naturally, the quantum logic gate and quantum network is defined as follows:

Definition of quantum logic gate: a quantum logic gate is a device which performs a
fixed unitary operation on selected qubits in a fixed period of time.

Definition of quantum network: a quantum network is a device consisting of quantum
logic gates whose computational steps are synchronized in time. A quantum gate acts on
superpositions of different basis states of qubits, whereas classically this option is nonexistent.

Basic gates used in quantum computation are namely the Hadamard gate, the NOT gate,
the CNOT (Controlled-NOT, also known as the XOR or the measurement gate) gate, the
controlled phase-shift gate, the Toffoli gate and the Fredkin gate. In the following, will now
define each one of them:

Hadamard Gate: the Hadamard gate is a single qubit gate H which performs the unitary

operation known as the Hadamard transform whose action is the following:
o)~ |0)+]1) ©)
[1) > Jo)-[2) (10)
NOT Gate: A single square root of NOT gate produces a completely random output with

equal probabilities of the output being equal to 0 or 1. However two such gates linked
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sequentially produce an output that is the inverse of the input, and thus behave in the same way
as a classical NOT gate. We then have:

o) <o) ) @

) o)+ o) @2
Thus, an input of |o) leads to an equal and opposite amplitude of the output being |o) or

|1). Aninput of |1) leads to an equal amplitude of the output of the gate being|o)and|1).

Controlled-NOT Gate: The Controlled-NOT gate (C-NOT) is a two-qubit gate, where the

value of the first qubit (called control ) determines what will happen to the second qubit (called

target) qubit. More precisely, it flips the second qubit if the first qubit is|1> and does nothing if

the control qubits is|o) . Thus, the gate is represented by the following matrix:

(1 00 o\
0 1 0 0]

13
o 0 o 1! (13)
Lo 0 1 oJ

Written in the computational basis{ |00 ),|o1),[10),[11) |.This gate has attracted much

interest in the field of quantum computation as it is reversible while requiring only 4 two-
inputs.

Toffoli Gate: The Toffoli gate is a three-qubit gate where, if the first two bits are set, the
third bit is flipped. It is defined by:

0 0 00 0O
0 010 0 1
01 00 10
01 1011
1 0 01 0 O (14)
1 0110 1
11 01 1 1
1 11110

Universality of gates: Gates are called universal if they can be used to create any logic
circuit, like the NAND (the conjunctive denial) gate in classical boolean-based circuits.

An extremely useful result of this universality is that any quantum computation can be
done in terms of a C-NOT gate and a single-qubit gate, although, it might sometimes be more

convenient to use other gates as well.
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Also, a simple concatenation of the Toffoli gate and the C-NOT gate gives a simplified
quantum adder, which is a good starting point for construction of full adders, multipliers, and

more elaborate networks.

8. Conclusion
Optimization is an intelligent selecting of the best alternative among a given set of options

or in other way, it can be viewed as a decision making in order to optimize one or several
objectives according to the given scenarios. In this chapter we have defined the main used
optimization algorithm in literature, and especially based network on chip. In the followed
chapter, we will detail the proposed approach while our objective is to minimize the energy

consumption in the network on chip, and that under timing constraints.
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CHAPTER IV

CONTRIBUTIONS, TESTS AND
EXPERIMENTS

1. Introduction

Because our objective is to minimize the energy consumption under the timing
constraints, in this chapter we will detail the proposed solution while taking as case of study the
mapping of two multi-applications: the multimedia system (MMS) and the automotive

industrial (auto-indust) into 5x5 NoC based mesh.
2. Contribution in scheduling strategy and application model

2.1 Characteristics of scheduling policies

The scheduling of real-time tasks on a NoC architecture is where the correctness of

execution not only depends on the logical result of computation but also on the time at which

PAGE:
108



CHAPTER IV: CONTRIBUTIONS, TESTS AND EXPERIMENTS

the results are produced for that solving the scheduling problem is the process of mapping a
given application onto a target architecture by repeating the following steps during the
scheduling of each task:

1. Selecting which task of the application shall be considered.

2. Allocating this task to a resource.

3. Computation of start and execution times for the task.

4. Repeat these steps until all tasks are scheduled.

Note that the terms, *mapping’ and ’scheduling’ are ambiguous. Scheduling is commonly
used to describe all of the above mentioned steps as well as to describe the computation of start
and execution times only.

The approach of solving the scheduling problem depends on the characteristics of both,

the target architecture and the application that will be run on it.

2.1.1 Target architecture

The target architecture is either a uniprocessor or a multiprocessor platform. In the latter
case the distinction between a homogeneous system, where all processing elements (PEs) have
the same characteristics, and a heterogeneous system, with PEs that may have different

specifications. In our implementation each tile is a uniprocessor where p, represents a node of

the network defined by its processor’s global voltage or a set of voltage level.
Scheduling has to make sure that only one task can run on a resource at a time. If there is
communication between tasks, resource constraints on the communication links have also to be

taken into account, where each directed arc 1, = (p,.p,) represents a physical unidirectional
channel connecting two nodes p, and p . The weight of the edge 1, ; denoted by bw , , represents

the bandwidth capacity for the edge 1, , in flit/time.

2.1.2 Application

Any application that will run on the target architecture can be represented by a set of
directed acyclic graphs (DAGs) D(T,C) in which the nodes or vertices depict the application
tasks T and edges stand for intertask dependencies C. Each DAG has:

* At least one entry node (a node with no incoming dependencies).

* One or several exit nodes (nodes with no outgoing dependencies).

* A period equal or greater than the latest deadline of its task set T.

* The property to be cither periodic or aperiodic.
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2.1.3 Task model
G (c,E) . IS a synchronous dataflow graph, with each vertexc, < C represent a task has

the following properties:

d (i) deadline which represents the time when t, has to finish.

pr (i) the task priority level that is given based on the dependencies between tasks.

An arrival time Ar (ci) ,which stands for the time i becomes known to the scheduler.

An array R(ci), where the j-th element ¢ e R, gives the execution time of task ci if it is

executed on the j-th processor in the architecture ( NoC tile).

w (i) the task workload given in clock cycle unit determine the amount of work to be

determined.

Dependency Properties:

Each directed arc e, , <« £ characterizes the dependency between ¢, andc . Dependencies
are either control dependencies which indicate that ¢, can not start its execution until ¢, has
finished, or data dependencies, which imply that c,communicates with ¢ . Each e, has

associated with it v(c, ), which stands for the communication volume in bits from ¢, to ¢ .

2.1.4 Benchmarks’ multimedia applications ( Case of study)
The following describes a detailed definition of the used multimedia applications in our

implementation, whereas in Figure 4.1 and Figure 4.2 illustrate the task graphs of those

applications.

a. Automotive /industrial application
The first is the automotive/industrial application that is made of four communication task
graphs (CTG): 0,1, 2 and 3.
CTG 0 models an embedded automotive system that is composed of two controller area
network (CAN) interfaces, a basic integer and floating point module and an actuator driven by
pulse width modulation (PWM) signal.

sre 4000 ) cant 4000 yfp 4000 ) can2 4000 ) pulse 8000 ), sink

CTG 1 describes an embedded automotive system that is composed of an infinite impulse
response (IIR) filter and an inverse discrete cosine transform (iDCT) module.
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src 4000 )jir 4000 pidet 4000 ) sink
CTG 2 models a system with: finite impulse response (FIR) filter, fast fourier transform
(FFT) module, matrix arithmetic module, inverse fast fourier transform (iFFT) module, angle to
time convertor, road speed calculation and table lookup and interpolation.
15000 ) matrix 15000 i
15000 ‘m ) : ) "

15000 yrosd U0 ) gape 1000 ) sink

SIG
2000 \y 4000

) fir 4000 } angle

CTG 3 contains the following modules: pointer chasing (ptr), cache “buster” and tooth to

spark.

sre 1000 ) pir 8000 ) cache 8000 ) tooth 1000y sink

MATRIX

Figure 4.1. Automotive/industrial task graph [132].
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Buffer

b. Multimedia system (MMS)

A generic Multimedia System (MMS) was used in [132], [133] to test the performance of
a Branch and Bound mapping algorithm on a real application. MMS is an audio video system. It
contains an MP3 audio encoder, an MP3 audio decoder, an H.263 video encoder and an H.263
video decoder.

The MMS application was partitioned into 40 concurrent tasks. They were assigned to 16
cores in [132] and to 25 cores in [133]. We present next the Communication Task Graphs for
the MMS application, which we derived from the Application Characterization Graphs
(APCGs) [134]. The communications between tasks mapped on the same cores are ignored.
Therefore, the used MMS CTGs are partial. They do not show all the communications between
tasks, but all the communications required for building a 16 cores and 25 cores APCG are
available.

CTG 0 was obtained from the MMS APCG from [132]. CTG 1 was obtained from the
MMS APCG from [131]. We observe a single difference between the two CTGs: in CTG 0,
task VLD (Variable Length Decoding) sends data to IDCT (Inverse Discrete Cosine
Transform), while in CTG 1, VLD sends data to task 1Q (Inverse Quantization).

Thus, we believe the two CTGs are essentially the same. However, in order to be

compatible with previous research, we use both of them, exactly like in [132], [133].

Bitres2  Bitres2 Demux Fso FP FP PAM 1Q
25600 25600 147456 Q 204728 38928384 -~ 975701761 701584
h. 4 > A X 1230464 <
ItEnc 2 Huff Dec 2 VLD 3760128 ME \ v s
| 3760128 FFT MDCT
655060  ngadn3sn 656884 34660352 4
b 4 {
& y > ) L, 7091504
IMDCT -
3760128 i
201728 - 34660352 ADD
- Fsg  APD ‘ 201728 ItEnc 1
» 4
Huff Dec 1 Q SUM &= 38928384
81920
38928384
81920 Froges 34660352 7234560 )4
h 4
- wy v N - 4 77009920 .
Bit res 1 MC FS5 VLE Buffer Bitres 1
7234560
789336 655360 ;:
< X Sync

Sync

Figure 4.2. Multimedia system task graph [132].
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We assume that each core has its own priority-ordered queue to schedule tasks, so for a
set of tasks that are allocated to the same processor, a scheduling analysis for single processor
can be applied to determine the task with the highest priority in each time. We used one of the

following  five scheduling analyses that are defined in  Algorithm 4.1

(scheduling_based_task_workload on core ,, scheduling_based_task_deadline on core

scheduling_first_one_reached_its_deadline on core ., scheduling_minimum_slack on core

scheduling_based_average case response_on core ;) , Wwhere each one is defined
independently, i.e., if we choose to work with scheduling_based_task workload, the scheduling

of the tasks will be done based on the execution of Algorithm 4.2.. For that before starting each

execution one of the scheduling analyses should be selected.

ALGORITHM 4.1. SCHEDULING ANALYSES
Giveniw, ¢, ,d , N: number of cores in NoC,;
Find: priority ordered queue for each core;

FOR i« 0 to N DO

Get scheduling technique

C.
¢i= " ldeadline

IF(Core | _ ., .ews w = 0)thenactivate scheduling_based_task_workload on core ;

IF(Core | _ ., s w = 0)thenactivate scheduling_based_task_deadline on core |;

IF(Core | _, .ws = = 0)then activate scheduling_first_one_reached_its_deadline on
core

IF(Core | _ ., .uwe = = 0)thenactivate scheduling_minimum_slack on core | .

IF(Core | _, ..wa w« = 0)then activate scheduling_based_average_case_response_on

core .

END IF
ENDFOR

2.2 The task workload

Scheduling_based_task_workload is a scheduling strategy where each task should
processed a workload that is defined by the amount of job that should be determined and it is
given in clock cycle unit, and then the tasks are ordered based on their workload and the highest
priority is given to the task with a bigger workload and the lowest priority is given to the task
with the smallest workload and then the execution is done based on that order. And in case of
more than one task are allocated to the same processor, the task with highest priority is chosen
to be executed and the rest should wait in the current buffer until it will be free and on condition

that there aren’t any other high priority tasks, for that we thought of a way to eliminate the
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buffer wait time (see figure 4.7 and session 3.1), and the task wait The algorithm is given as

follows:

ALGORITHM 4.2. SCHEDULING_BASED_TASK _WORKLOAD
Given: w, ¢, cCore  :the core to be scheduling.

FORKk < 0 To nb _ allocated _ task Do

IF (c, is activated ) then sort T (w, ).
Assign priority to c, .
ENDFOR
k « 0;
WHILE (core , still allocated)
IF(c, is activated ) THEN

IF(c, isonprior ) THEN Executec,
k <« k +1;
ELSE (c, is in wait_for_PE)
ENDIF
ELSE c, is not released

ENDIF
ENDWHILE

2.3 The task deadline

In soft real-time system, the deadline is the amount of time where it is better for the task
to finish its execution, and as it is said “better”, it is allowed to be passed but with a little
threshold (the threshold is given in clock cycle unit before and it is determined before the
execution start in such a way that, the multimedia application quality won’t be destroyed),
Whereas in hard real-time system the task should finish its execution without considering the
threshold. The hard real-time system is not considered since we are only concerned with the
multimedia application. The tasks are ordered in such way that the highest priority is given to a
task with the minimum deadline and the lowest priority is given to the task the maximum
deadline. And in case of more than one task are allocated to the same processor and the letter
one is free, the task with the highest priority is selected to be executed, and the others have to

wait on the current buffer. The algorithm is given as follows:

ALGORITHM 4.3. SCHEDULING_BASED_TASK_DEADLINE
Given: d_ _c ,Core . the core to be scheduling.
FORKk « 0 To nb _ allocated _ task DO
IF (c, is activated ) THEN sort 4 (d ) ;
Assign priority to ¢ ;

X deadline
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ENDFOR
k < 0;

WHILE (core | still allocated)
IF (¢, isactivated ) THEN
IF (c, ison prior) THEN Executec,
k <« k +1;
ELSE (c, is in wait_for_PE)
ENDIF
ELSE c, is not released

ENDIF
ENDWHILE

2.4 The first one reached its deadline

Scheduling_first_one_reached_its_deadline is another scheduling strategy where the
difference between each task workload and its deadline is calculated and the result defined by
the remain for the task to reach the deadline (the remain is given by clock cycle unit). The
highest priority is given to the minimum remain, and the lowest priority is given to maximum
remain. The tasks are ordered based on the nearest workload to the deadline of each task
without considering the actual time (it is static). And it is the same as before, if there was more
than one task allocated to the same processor, only one task would be selected and the others
should wait on the buffer of that current processor, till it will be free and of course with

satisfying the condition of possessing the highest priority. The algorithm is given as follows:

ALGORITHM 4.4. SCHEDULING_FIRST_ONE_REACHED_ITS_DEADLINE

Given: w_ _c, ,Core . : the core to be scheduling.

workload  * ©x= Xgeadline i

FORk « 0 To nb _allocated _ task DO
IF (c, is activated) THEN sort (w, —d_ ).
Assign priority to c, .

ENDFOR
k < 0;

WHILE (core | still allocated)
IF (c, is activated)
IF (¢, ison prior) then Executec,

k <« k +1;
ELSE (c, is in wait_for_PE)
ENDIF
ELSE c, is not released
ENDIF
ENDWHILE
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2.5 The minimum slack

The minimum slack is defined by the minis of the task workload and task deadline with
considering the actual time, so this strategy is dynamic, for that the task with the minimum
slack, has the highest priority. The tasks are ordered based on the current priorities, but this
order will change in each selection of a new task because the current time is considered; for that
the priorities of the waited tasks on buffer are calculated after the end of the execution of current

task on the processor. The algorithm is given as follows:

ALGORITHM 45. SCHEDULING_MINIMUM_SLACK
Given: w_ _c, ,d, ¢, ,Core  :the core to be scheduling, current _time : given in

clock cycle.
WHILE (core |, still allocated)

FORkKk < 0 To nb _ allocated _ task DO
IF (¢, isactivated) THENsort | (Current _time - (w, —d_));
Assign priority to ¢ ;

ENDFOR
k < 0;

IF (c, is activated) THEN
IF(c, ison prior ) then Executec,
k « k +1;
ELSE (c, is in wait_for_PE)

ENDIF
ELSE c, is not released
ENDIF
Current _ time + +;
ENDWHILE

2.6 The average response time

Scheduling_based_average_case_response_on core , that is defined in Algorithm 4.1 is a

scheduling strategy where the average response time of each task as it is shown in Equation.2 is
calculated, r represents the average response time. The highest priority is given to the task with
the minimal value of r, and the lowest priority is with the maximum value of r. This strategy can
be used as static or dynamic scheduling in such way that, if we calculated each task’s r once and
the values obtained are considered before determining the priorities before the first execution,
this would be static scheduling. But if we calculated r in each task selecting while considering

only the waited tasks in the buffer, this means that the finished tasks are not concerned with
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calculating r of the waited tasks, and this would be dynamic scheduling. The equation of

calculating r is given as follows:

r. =C

i i _ workload

r' ]
+> Ve, e H _ priority (Ci)|——— I s (2)

| period

H _ priority : denotes the set of higher priority tasks running on the same core as task i.

3. Contribution in routing and switching strategy

In our implementation, we exploited the same ideas presented by [138] but with many
differences. In this thesis, we used the internal block diagram of a 4-place FIFO buffer, while
proposing a new scheme of coding the register in wormhole, and in the same time, the routing
of messages inside the router follow the randomized routing algorithm and during the
transmission, the head flit is the only to be buffered and the router always choose the first
available direction, for that we thought of adding some metrics in the randomized routing to
avoid the misrouting contentions like deadlock and livelock, and to optimize the energy
consumption during transmission and minimal latencies with greater throughput. The energy in
the buffer is computed as follows:

Energy =P +P_ +P, +P_ (1)

FIFO write read
vaine = rw Pcomrol + o Psiore (2)

Here, r, is the rate at which write actions occur, p_ , ,P,. are the average power

control store

consumed at the control unit for one write action and the power consumed to store the data in

the FIFO respectively.

P =rP +a P (3)

read r control retrieve

Here, r,_ is the rate at which read actions occur, p_  ,p_. is the power consumed at

control ' " retrieve

the control unit and the power consumed to retrieve the data from the FIFO respectively.

P, Clock activity causes permanent constant power consumption due to switching
activity.

P.. Which is the result of the internal short circuits occurring during switching of bits in

the incoming data, the switching of read and write actions and clock activity. Therefore Pint can

be calculated as follows:
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P, =1k +k,a+k, (4)

int
Here, r is the rate of read and write actions, a is the amount of bit flips, the constants k
k,are respectively the average internal power consumed for the control of read and write

actions and due to bit changes in data and k, is due to the clock activity.

3.1 Bufferless wormhole routing

In our implementation, we exploited the same ideas presented by [138] but with many
differences. In this thesis, we used the internal block diagram of a 4-place FIFO buffer, the
scheme is illustrated in Figure 4.3. It is mainly composed of a FIFO control unit, a 1-to-4
channel input unit (similar to a de-multiplexer), a 4-to-1 channel output unit (similar to a
multiplexer) and four registers to store the data. The size of the register is the size of head flit
where the header contents only destination bytes ID bytes and Next-hop bytes.

data_in / 4-place FIFO
/32 ragnstam
14 ol e d 41
wr_anahlel channdl! T = 1 | channel / >
Input output
nout L} 2 | Ot /33| data_out
1 55 3 7
f 1
. - _M':addr—T rd_addr
write logz4
[,
/1
read [l . FIFO CONTROL 7~/ g
/1 7 ,..--'1f ]
ck £ . % omply
st /1

Figure 4.3. Implementation of Register based FIFO Buffers.

Destination bytes: represent the destination to be reached with a given message, and it is
encoded into 5 bytes (according to Mesh dimension 5x5=25 and the binary of 25 have 5 bytes),
the destination bytes allows the flits to know if they arrive at the destination node.
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_____Dest | 1D | NextHop
@

1D |
(b)

1D | FreePE | Data
©)

Figure 4.4. Wormhole flits format. (a) Head-flit format, (b) Body-flit format, (c) Tail-flit format.

ID bytes: In our application, we replaced the bytes of source and virtual channel by two
bytes called destination identity (ID) in order to minimize the size of each register (the register
has the size of a flit), in our encoding we only deleted the virtual channels bytes and we kept the
virtual channels, and used them indirectly. The ID is in the form of (00, 01, 10, and 11 as
illustrated in Figure 4.5) which indicates the current used registers, for example, if we are in the
current register number “2”, the 1D would be “10” (we used 4 registers as mentioned before).
First the arbiter verifies the number of the occupied destination’s register on FIFO buffer and
allocates the next one for the incoming head. Example: if there are 2 registers already in use
(“00” and “017), the next ID would be “10”. This head’s encoding minimizes the energy
consumption comparing to the old flit encoding, due to the minimized read and the write actions
of head flits, and also from the decreased transmitting of the head from node to another. The
encoding of the body and tail flits are the same used in [139], but in place of virtual channel

bits, we use ID bits.

> 4-1
Chammel

l
i

Figure 4.5. The ID bits of head flit.

Next-hop bytes: The head flit allocate a path for the incoming flits by leaving a trace on
each buffer, the next-hop is in the form of 00, 01, 10 and 11 as it is shown in Figure 4.6, and it
defines the output port to be crossed for the incoming flits. Once the destination is reached the

tail-flit has to free the buffers, ID and next-hop.
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Figure 4.6. Next-hop bits of head flit.

3.2 Based deadlock factor randomized routing algorithms

The randomized routing algorithm is used for its simplicity and path allocation diversity,
but unfortunately it is getting less used especially in the last decade for the reason that this
algorithm is more affected by deadlock or live-lock. Another reason of non-using this algorithm
is its long latency and much power needed; the router always chooses the next path randomly
without considering the shortest path availability. As it has been mentioned before, during
transmission the head flit is the only to be buffered and the router always choose the first
available direction, for that we thought of adding some metrics in the randomized routing to
avoid the misrouting contentions like deadlock and livelock, and to optimize the energy
consumption during transmission and minimal latencies with greater throughput, the algorithm

is defined as follows:

ALGORITHM 4.6. RANDOMIZED ROUTING_ALGORITHM _WITH _DEADL
OCK_FACTOR
Given: source, destination N: neighbours
WHILE ((Source != Destination) AND (loop <10)) DO
FOR N= (1..4) DO

Select randomly next hop x;
IF processor X = free THEN increment deadlock probability;
ENDIF
IF buffer X = full THEN increment deadlock probability;
ENDIF
add saved probability to N

ENDWHILE

Allocate hop with minimum deadlock probability;
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In classical randomized routing algorithm (RRA), the next path is randomly selected and
checked for channel availability, if there is at least one free channel the head flit reserve the path
for the incoming flits, otherwise the flits need to wait on the current hop buffers but the buffers
may not have sufficient space to store the incoming flits. A turn deadlock could occur for flits
and it would not have any choice but to backup and set another path. In our simulation we saw
that the deadlock may occur many times for the incoming flits, and since we aim to minimize
the latency and saving power, several backups and deadlocks are not a better option.

In based deadlock factor randomized routing algorithm (RRA based deadlock) the next
path is randomly selected and the credit-based inside the node is activated and checked for
channel and buffer availability otherwise the deadlock factor is incremented. We modified the
randomized routing in order to find the next hop for the head flit based on the deadlock factor,
this factor is incremented if the routing algorithm finds a deadlock, and the arbiter selects the
next hop according to the minimum probability. We also save the probabilities of deadlock on
each mapping between each source and destination and add it to the probability if there was a
transmission between the same source and destination, but only on the current mapping that is
mean for next mapping the probabilities are reinitialized to null.

With the use of VC (VCs number is head’s ID) and randomized routing algorithm we can
guarantee a diversity of paths and also forwarding flits without buffering.

Before adding the saved probabilities to the algorithm, the loop was 100, we tested for

deadlock about 100 times, but now it is only 10 times and we achieved a fast routing decision.

4. Contribution in task migration

Task migration has been widely used in the distributed systems domain, but as a
drawback, the timing overhead of migration is larger and may increase network congestion and
degrade the system performance. Due to that, we migrate the task only toward one of the
neighbors if the following conditions are satisfied:

z Pj(ck_ext)> Z Pj(ck_dead ) (7)
k=0 k=0
M1 M1
E|PJ1 € neighbour Pj’z le(cq_ext)< z PJ1(Cq_dead ) (8)
q=0 4=0

If (Equation.7) and (Equation.8) are satisfied then migrate one of Mto P;

Where M, M1 are the number of allocated tasks to processor j and j1 during one period of

time respectively. Equation.8 indicates that if the sum of execution time of tasks mapped to the
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same processor leads to missing them deadline, and if one of neighbors of that processor
executing M1 tasks without deadline missing, then migrate one of M1 tasks onto that neighbor.
The interpretation of those equations is illustrated in Algorithm.4.7. The algorithm of the task

migration is given as follows:

ALGORITHM 4.7. TASK_MIGRATION_ALGORITHM
FOR j =0 to NUMBER_OF_PROCESSOR DO
FOR k =0 to M DO
SOM=SOM +¢, (c, ..);

SOM1 =SOM 1+p,(c

ENDFOR
IF SOM > SOM1 THEN
FORj1=0TO p, _ neighbours DO

FOR q=0to M1 DO
SOM2=SOM2 +p (¢, ..);

SOM3 =SOM3 +P ,(c

k _ dead )’

q _ dead )’

ENDFOR

IF SOM2 < SOM3 THEN Migrate S: one of p to P ;
Copy Sy e tOP;
Copy Sgu 1OP;
Copy Sew s g P
CopY S, an  coe 1OP,;;
CopY S ,eiic toP“;
COPY S _var s TOP 3

ENDFOR
ENDFOR

Assuming a migration is taking place between two CPU cores. The target core must have
all the necessary information needed for resuming the migrated task, and all the information
associated with the task e.g. communication between tasks. This information is sent to the target
core either by means of temporal storage in shared memory or some other way of direct

communication. The following information is needed to resume a migrated task:

4.1 CPU state

A task needs to know its CPU state, in both a context switch and in a task migration. The
CPU state is easily read from the CPU status register and is stored in a temporary variable. This

variable can be migrated onto the other CPU core.
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4.2 Task stack

The task stack holds the variables and its values used in the task. The task stack has a
similar structure as the system stack and is allocated in the memory heap. The task stack is
fairly easy to migrate because the system knows where the stack begins and its size. A similar
stack could then be allocated to the other core, and the variables could then be restored.

4.3 Heap data

Data allocated in the heap is difficult to migrate since the whole core uses the same heap.
Variables associated with the relevant task must be somehow marked to inform the migration
mechanism which data to migrate. Problems could eventually occur when determining the size
of dynamically allocated arrays in the heap. Assuming there is a mechanism for linking heap
data to tasks, the data could be migrated and re-allocated on the other core. The pointers to the

data must be translated upon such a re-allocation.

4.4 Program code

Another difficult part to of migration is the executing code in the program memory. The
program code is statically stored, and must also be marked with associations to the relevant
task. The program counter in the system must continue exactly from the migration point relative
to the program. The migration of the program code is also substantive when considering the
run-time update, which would switch in-and-out program code while a task is running. The

migrated code should, in summary, continue its process where the first core was stopped.

45 Task associations

Various associations exist between tasks, such as information exchange, child tasks, etc.
A task is able to communicate with other tasks using message queues [144], which can only be
used if the tasks are executing on the same core. Otherwise the interface of communication
must change, so that the tasks communicate over some kind of inter-core communication. The
task calls between cores must be handled either in a way that the tasks pass values between
cores, or so that called tasks also migrate to the same core as the caller. This could of course

pose problems with other tasks that call the same task.

4.6 Global variables

Several tasks could use the same global variables, which leads to a synchronization

problem. This could possibly be a part of task associations, where the variable itself is not
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difficult to migrate. For security reasons tasks that are selected for migration should preferably
not share global variables with other tasks, since the communication using global variables

could be broken or slowed down if one of the tasks is moved to another core.

5. Contribution in dynamic voltage/frequency scaling

A main idea of our DVS is the definition of a voltage change point for the processor based
on the allocated task workload. A change point is where the processor can change its voltage
level during the allocated task execution time to achieve an end to end deadline and save the
power, the relationship between the frequency and the voltage are given in Equation.9 where

v, is the voltage threshold and« =1.5. Equation.10 represent the formula of calculating v,

andv, , k, and k,are parameters depend on the technology used. A multiple level of voltage

th1!?

is used for our DVS (0, 6 - 1, 0).
for® ol 9

=V - KV, KL,V (10)

2 bs

The following algorithm define the proposed idea of scaling the voltage, we first calculate

for each task its execution time by using the lower voltage level of the processor (ET ,(w_))

and the task workload, and then calculating the execution time by using a random voltage level

('we generally used the middle) of the processor (ET , (d, )) but this time with the task deadline.

Then a difference between them is calculated and it is called a slack, if the slack less than 0 then
that means that the low voltage level can’t be used because it will lead to deadline miss, for that
this voltage level would be rejected and the algorithm is restarted with a higher level than the
initial ones. But, in the opposite case where the slack is higher than 0, a search for the voltage

change point would be started. First the slack is transferred into clock cycle unit (slack . ), SO

unit

if the slack is higher than the task execution time that is mean if the chosen voltage level

unit

leads to deadline miss, for that the initial chosen level will be incremented, else slack , is the

nit

point where the processor can change its voltage level. And at last the task execution time is

calculated based on that point. The algorithm of DVS is as follows:

ALGORITHM 4.8. DYNAMIC _VOLTAGE_SCALING
Given: w_, = ¢ ,d . =c, , X = one

i _ workload ci i _ deadline ) y = (p

Of(p,Jevelu N)

Find: Slack= the change point (in millisecond)

Tlevel

||||||

Slack_unit = the change point (in clock cycle)
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ET, (w, )= execution (ci on p, - level (z)): w, | f

ci time ilevel 2

ET_ (d, )= execution . (c, on p, — level (y))=d_ /f

IF er G(w,)>ET C,(dC,)THEN

Jlevel y

ET ,(w,)-ET _(d,) -
)
ET , (w,)x100 %

slack =

slack xw_ .
slack . =———
100 %

slack = slack ,, x (pllevel P ),
IF slack . > w THEN
c, will miss its deadline on ,  at level z;

Increment z level;
Increment X level;
Repeat DVS;
ELSE

w, —slack . slack .,
ET, = — +
' f. f

e et

ENDIF
ENDIF

6. Quantum evolutionary cellular automata in network on chip

The main contribution in this thesis is the use of a hybrid technique combining
evolutionary genetic algorithm with cellular automata (CA) while using a different strategy of
mapping of multimedia application onto 2D mesh based NoC in order to save power with
respecting multimedia timing constraints. The first use of cellular automata (CA) with Genetic
Algorithm was with Packard, then Mitchell and al where the optimization addressed the density
classification problem [156][157], these discoveries are encouraging for the prospect of using
GAs to automatically evolve computation for more complex tasks such as cryptography [158]
and in more complex systems, the multiprocessor scheduling [159], [160] [161] and
synchronization [162], [163], [164]. Moreover, evolving CAs with GAs gives us a tractable
framework to study the mechanisms of an evolutionary process that might create complex
coordinated behavior in natural decentralized distributed systems and that’s what encourage its
using in embedded system. In [155], CA was used to model and simulate real time tasks
scheduling and allocation problems in multi-cores embedded systems. In this thesis, we will
address the use of Evolutionary Cellular Automata (ECA) on Network on Chip where the
objective is to find a set of rules that can successfully solve problems in a significant
computational time. We had also proposed a new DVS algorithm defining a point where the
processor can change its voltage level during the task execution time to achieve an end to end

deadline and to save the energy of the execution.
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6.1 Cellular automata principles

As it has been mentioned before in session 1, the finite automate is defined by the set of

the following main characteristic variables:

V : number of cell states

[
|
{H : number of neighbours per each cell
l[f: transition rule

the transition rule (s) f defines a rule of updating cell i, and due to that it is considered as
a very sensitive part, since CA is changed in time and in a synchronous manner based on those
rules, for that a strict formulation of f is what guarantee the robustness of CA. The transition
rule (s) is expressed in a table called “look-up table” which lists for each local neighborhood the
state’s update of the neighborhood’s central cell where the neighborhood relation and the
transition function are the same for every cell {0o..n -1}, Formally, the evolution of CA at time

t +1 Is expressed by the formula:

jsi(t+1)= f( { S (1) }) (15)

| H (i): neighbours  list of cell i
A cellular automaton is also defined by its lattice of N cells where each cell is in one of
K possible states at time t. Each cell follows the same rule to update its state (see Table 3.1).
The state s of a cell at atime t + 1 depends on its state and the states of a number of neighboring
cells at a time t. The CA starts with an initial configuration (CI) of cells and at each time step

the states of all cells in the lattice are updated in a synchronous manner.

H(i) o [ofJo oo/ ..17]1
000 | 000 | 001 | 001 | 010 011 | 111
0 1 0 1 0 1 1
New state 1 0 1 1 O |...] O 1
Table 4.1. Neighborhood look-up table.

An illustrative example of look-up table is given above, if one considers two-dimensional
CA with two states and five neighbors state radius H = 5, the look-up table for updating cells is
given as in Table 3.1.

In this work, we used the cellular automata with the quantum genetic algorithm in
purpose of lowering the energy consumption in NoC based 2D mesh while respecting the soft

real-time constraints of the multimedia application, where cells can have only two possible
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states (0,and 1). The CA dimension is 2-D lattices. The number of neighbors that the transition
rules take into account while updating each cell areH =5 (4 neighbors + the cell in the
middle). We choose H = 5 according to the structure of the 2D mesh NoC topology where each

node is connected to four other neighbors’ nodes (see Figure 3.23). According to this structure,
we obtain card (v)" different neighbor configurations and in our case iscard (2)° =32 , and

each cell is updated based on those configurations. The cellular automata can have more than
one transition rule, and each transition rule consist of a set of values that represent the updated
value of each CA cells based on theirs (CA cells) neighbor configurations. The number of the

transition rule that can be associated to each CA is the card (v )" " and in our case it is

calculated as follows:

card (2)5 32

card (2) = 2% = 4294967296  Transition rule.
In the following figure, an example of how CA works is illustrated. The state of the cell is
changed in time according to its previous state and its neighbors’ states, so the corresponding

decimal value is 28. The new state of the middle is the transition rule cell with position = 28.

o 32 combination
= of  neighbors
Y U 1 | ') i (H=5)

Figure 4.7. The combination of neighbours in CA based on NoC neighbours.

6.2 Problem description

In many researches done, the mapping problems used to be solved the most by genetic
algorithm, but the main problem appears in the use of GA is after many CA operations between
crossover and mutation, the new individuals will be adjusted to be suitable and accepted as a
valid mapping solution that represents the chromosome, the following is an example illustrates
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this issue, given a (2x2) processors and 7 tasks to be mapped, the structure of the chromosome
is given in the following chapter.

As it is seen C6 and C4 from Chromosome2 are allocated to two processors P2 and P4,
whereas C6 and C4 from Chromosomel are not allocated to any processor. And adjustment
phase is needed to adjust and modify the chromosome, so it can be accepted as a valid solution.
And as the number of tasks augmented, this issue augmented as well.

i it

Crossover one point

1 s I A 5 S A s 5 A S s 5 K A
EﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂEOTlﬂﬂﬂﬂﬂ

Mutation point

IIIIH IIIIH

Chromosomel Chromosome2

Figure 4.8. Examplel of GA issues.

The use of GAs still the subject of intensive study to improve their performance, general
knowledge about the population is unachievable, after many generations (talking about NP hard
complete problems where the search space is huge and the chromosome size is long and in each
mutation and crossover, the new generation could be changed completely compared to the older
generation) , the use of the old instance of populations or the complete population is
impossible, for that a new searching process must be started from the beginning by creating an
initial random population of potential solutions, but the probability of achieving the same results
or using the exact same searched instance or a complete population is quite small, this problem

is considered as the main problem in the use of GA.
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Another issue of using GA is the dependence between multimedia application tasks and
the chromosome structure; the chromosome represents one of the mapping solutions so the
number of tasks and NoC dimension are demanded before starting because their sizes represent
the chromosome size. Adding or removing tasks leads to chromosome change, and that will
affect the results obtained from GA operators (crossover and mutation). So instead of restarting
the mapping in each time, a fixed chromosome size that will be suitable for any application is

needed.

Mapping
0-0 00 - pE
Ne-: B
0- ll o0 OB

r'!' Mapping solution ﬁ' Mapping solution
N T2 T3 T4 TS N T2713 7
ioioirio | Giloioil o
Cioioi0i10 ! Gigiolol !
Gigi1ioloio ! Gipi1iolo!
I et bt
41 i0ioi0io0 ! *1ioioio!
r:’ Chromosome structure r:' Chromosome structure
'D'OIOIOOO'IOIOIO‘OOIOOUO:F-[ r—lTlTlTl_—[ r—l T—lTl
......................................................... I_J LJ J__I_J_ I_J_ I_J LJ J_J J__I

Figure 4.9. Example2 of GA issues.

Also a problem may appear is the stabilization of the results obtained that means after a
specific number of iterations, the new obtained populations will leads the same results obtained
from the older and due to that the algorithm will stop even with better results still could be

achieved and it would look like blocked.

6.3 Solution description

Quantum computing has been surpassing classical computers for its ability to solve
problems of polynomial-time that classical computers considered it as impossible to be solved
but with a million years [165]. In Quantum Computers information is stored in the form of
qubits represented by the superposition of the two bits sets with varying probability.

Recently, a growing theoretical and practical interest is devoted to research on quantum
computing and quantum computers and due to that many quantum computing algorithms have
been developed, such as Shors factorizing algorithm [165], were explored such as Grovers
[166], [167], quantum search algorithm [166] and Quantum genetic algorithm (QGA). Research
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on combining evolutionary computation and quantum computing started in the late 1990s.
Quantum evolutionary computing is a branch of study on evolutionary computation and
employs the certain principles of quantum mechanics, such as superposition, interference and
uncertainty [168] [169]. Based on the concept and principles of quantum computing, such as
quantum bits (Q-bits), quantum gates (Q-gates) and superposition of states, Han and Kim [170]
developed a quantum-inspired evolutionary algorithm (QEA), which can achieve a better
balance between exploration and exploitation of the solution space and also obtain better
solutions, even with a small population, compared with the conventional EAs. Moreover, in
QGA qubit encoding is used to represent the chromosome, and the evolutionary process is
implemented by using quantum logic gate operation on the chromosomes. Now, much attention
is paid to QGA because it has the characteristics of strong searching capability, rapid
convergence, short computing time, and small population size, a great capability of global
optimization and a good robustness.

It is informally shown that the quantum inspired genetic algorithm performs better than
the classical counterpart for a small domain, In [170], a comparison is made between a classical
genetic algorithm and a quantum inspired method for the travelling salesperson problem with
the use of quantum crossover to optimize the problem. An improved QGA based on multi-qubit
encoding and dynamically adjusting the rotation angle mechanism was presented to separate the
blind sources [173].

In [171] [174], It is demonstrated that GQA are many effective and superior comparing to
GA while the experiments are applied on the knapsack problem on [171] and with the use of
quantum mutation to improve performances and also it is applied on the knapsack problem in
[172] and on the infinite impulse response digital filter design in [174]. In [175], population
catastrophe operation and violent vibration have been improved with the use of QGA. In [176]
[157], a detailed description of quantum computing and quantum genetic algorithms was
presented.

On the other hand, The CA presents a highly parallel and distributed system of locally
interacting units which are able to produce a global behavior [177], [178], [176]. CA can be
considered as a model of naturally existing systems produced by natural evolution. Such
systems are capable of producing globally coordinated information processing, unguided by any
global criterion or central control. Information processing capabilities of such systems are not
explicitly represented in their components, but rather in their interconnections. These
capabilities are more powerful than the ones done by elementary components or their

combinations. For these reasons, CA has been used to model different physical and biological
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phenomena such as fluid flow, galaxy formation, avalanches, earthquakes, growth of stony
corals, and other biological and physical pattern formations. Also Packard took the first
evolving CA with GA, then Mitchell and al where the optimization addressed the density
classification problem [169] [170], these discoveries are encouraging for the prospect of using
GAs to automatically evolve computation for more complex tasks such as cryptography [171]
and in more complex systems, the multiprocessor scheduling [172], [179] [180] and
synchronization [174], [175], [181]. Moreover, evolving CAs with GAs also gives us a tractable
framework in which to study the mechanisms that an evolutionary process might create
complex coordinated behavior in natural decentralized distributed systems and that’s what
encourage its using in embedded system.

The evolutionary cellular automata improves many advantages in the field of computer
science, but the GA search space in CA lattices or the transition rules are increased according to
the CA dimension and that leads to increasing the computational time (3D or 4D Cellular
automata is hard to be updated by the GA in short time). Also the classical chromosome is weak
in representing the population diversity and as mentioned before, since the use of quantum bit
representation leads to better population diversity while the use of quantum gate drive the
population towards the best solution.

We used a new strategy to map the application onto NoC architecture and it is called
mapping based priority per stage that gives a strong first mapping. The main idea of this
technique as it is illustrated in Figure 4.7 is to map the tasks with higher priority onto different
processors in which mean the tasks that are executed in a parallel way are allocated each one to
a processor that is different from another. Seeing Figure 4.7 (a), the application has 7 tasks
implemented onto 2x2 NoC, the number of stages is 5, the first contains task number 1, stage2
contains task 2 and 3 till stage 5 that contains task 7.

In this technique we have two cases; the first is when the number of tasks per stage is less
than the number of processors by this we map the tasks randomly where each one occupies a
different processor according to Equation.12. The second is the opposite of the first, is when the
number of tasks per stage is bigger than the number of processors, we sort the tasks according to
their workload, and we map the task into the processor that allocate the task with the lower
workload as it is illustrated in Equation.13.

V stage , € STAGE /cj e C;3p, e P/ p, c stage ,
it p,=free ,c, > p, (12)

if p, = free ,mn =sort (w(je stage ,)), c, > p,. (13)
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By this way, we minimized or in other cases eliminated the buffer wait time and the task

wait time in case of two tasks are allocated to the same processor.

Stagel Stage2 Stage3 Stage4 Stage5

(@) (b)

Figure 4.10. The different mapping used in network on chip 2x2 Mesh. (a) An example of the per-

stage mapping (b) an example of the channel mapping.

Another metric is used between each two stages, we call it the “Channel mapping” that
maps two linked tasks to the same processor and it will look like the entire arc with its sink and
source actors are allocated to that processor. A random mapping is used to map the other cores

that didn’t assign to any processor (like core3 in the figure 4.7 (b)) using (10) or (11).

6.4 Quantum evolutionary cellular automata lattice format

A CA consists of a lattice L of cells, in our case the CA consist of STAGE number of
lattices that are updated in a synchronous and a parallel manner. The transition rules are applied
onto those different stages. The first lattices are obtained from the first mapping of application
onto NOC 2D mesh. The following figure represents an example of one lattice where each cell
is itself contained 3 cells staring from left to right DVS cell, task cell and task migration cell. If
the middle cell is 1 (Figure 4.7 (b)), it means that the processor is occupied by the task in the
corresponding cell in the matrix in Figure 4.7 (a) otherwise the processor is free. If the left cell
is 1 it means that the DVFS is applied onto that task, whereas the right cell indicates that the
task migration is applied to that task as well. In the adjustment phase, we use the matrix in

Figure 4.7 (b) because it allows us to verify if there un-allocated task.
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(b)

Figure 4.11. Cellular automata lattice format.

6.5 QECA concepts

Given: An application G(C, E) with C: set of tasks and E: set of channels between them.
An NxN 2D mesh based NOC G(P, L) with P : set of cores and L is the set of physical links.
Find: an optimum CA lattice with its optimum set of rules that guarantee optimal energy

consumption due to the mapping of an application tasks onto NoC processors.
The set of all possible configurations of the neighborhood card (v)" represents the

correspondence table of the transition rules see Figure 3.23, whereas the set of all transition

card 'V )h

rules card (V) represents the research space of the quantum evolutionary cellular

automata. The quantum genetic algorithm is originally with the selection phase, crossover phase
and mutation phase; but according to [177], those operations have a major effect on changing
the probabilities of linear superposing of qubit states, but the use of quantum bit representation,
it leads to better population diversity. Also the probabilities or the rate of applying mutation and
crossover may reduce the performances of the quantum genetic algorithm. For that, it is better
to operate without using selection, crossover and mutation and due to that the interference is the
only genetic operator to apply.

In following, a detailed explication of how using QGA with CA to optimize NoC
performances and they are compared with classical GA and ECA. The following figure
illustrates the phases of how QECA works, whereas in Figure 4.10, the phases of both classical
GA and ECA since they are following the same order but not the same implementation or

chromosome representation.
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Figure 4.12.

Figure 4.13.

Generation of initial population Q(t=0)

e
*‘

Generate X(t) by measure of Q(t)

v

Evaluation of X(t)

v

Save the best solution B(x)

v

Q(t) updated by rotation of quantum
gates to obtain Q(t+1)

v

t=t+1

v

Verified criterion ?

o

Quantum genetic algorithm structure.

Generation of the initial population

+

A 4

Evaluation

Y

Crossover

A 4

Mutation

A 4

Replacement

Verified criterion

‘

Classical genetic algorithm structure.
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1) Problem Representation: The chromosome is used to represent the application mapping
problem. In the classical genetic algorithm, the chromosome consists of a series of genes where

each gene is assigned a binary value (1 or 0) with gene (x,y) =1 indicates that task (x) is
allocated to core (y) otherwise gene (x,y)=0. Figure 4.12 shows an example of binary

chromosome for a (2x2) mesh topology. A gene associated with a router is assigned a null value
if no IP core is assigned to the router, each core can be allocated by many tasks whereas each
task cannot be assigned to two cores. Whereas in evolutionary cellular automata, each transition

rule represents a chromosome encoded in 32 genes (in our example), the locus represents the
gene (i) with its 4 neighbors, the corresponding new state of that gene is the state

corresponding to the decimal value of the locus situated in the “correspondence table”, the

structure of the new chromosome is in Figure 4.13.

o0
0
o6

171
|
: | Mapping solution
S '7
T1 T2 T3 T4 T5
'I'__"I___'I'___I__;"I'___"I
1 1 1 1 1 1
¢t jo;01 ;01
e U R |
1 1 1 1 1 1
€ 0001 .0 |
L L ______1___J
1 1 1 1 1 1
3 {0:1:0:0:0
C4:]:0:0:0:0:
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i
! <%  Chromosome structure
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Figure 4.14. Example of an application graph mapped onto 2x2 mesh based NoC, where the

mapping solutions represent the chromosome structure.
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Gene
T4
o ol ofofolofiofl . [.| [o]olo
{ 32 Genes ::
Figure 4.15. Structure of the classical chromosome [32 bits].

In QECA, we used the same chromosome representation as ECA but in place of the bit, a

Q-bit is used. Q-bit is defined as the smallest unit of information. A Q-bit can be represented as:

.

Where « and g are real numbers whose represent the probabilities that the Q-bit found

in the “0” and “1” states, respectively with |« |2 + [z = 1.

o | a2 | o3 | 04 | @5 | @6 | @7 | @8 | a9 | .. | an |
| < O ->
Genel Gene2

I
| & »
| € >

Figure 4.16. Structure of the quantum chromosome.

The state of a Q-bit may be “0”, “1”, or a linear superposition of the two:
v )= alo)+ ) (15)
Where‘0> and ‘1>mean the states “0” and “1”, respectively. However, a linear

superposition of states with m Q-bits can be represented by Q-bit individual (Equation.16) for

that a system with m Q-bits can represent 2™ states at the same time.

@ | (16)

with [a [+ g =1, fori=1, 2, .. m.

2) Population: The population is the main element of a genetic algorithm. Research has
shown that the initial population may have an effect on the best fitness function value and these
effects may last for several generations [152]. For a large NoC, the possible mapping space is

extremely large which could slow down the convergence. Hence, a good initial population may
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result in faster convergence. On the other hand, the population size influence is also another
parameter to decide the coverage of mapping space. A population that is too large takes time to
evolve whereas a population that is too small will lead to a local minimum. Population size is
proportional to the application size. As it has is mentioned before in section VIII (b), the first
mapping is based the channel mapping and the per-stage mapping and that enables the EGA and
QECA to reduce the search space for low energy mapping with faster convergence instead of
random exploration of the huge search space. In ECA, we generate an initial population of
chromosomes, from 2* transition rules, P =100 individuals are chosen randomly and well

distributed in the research space while considering the first mapping technique to allow
diversity of solution. In QECA, We generated the same initial population from2” transition
rules, and the same P =100 individuals that are chosen randomly and well distributed in the
research space, and adding to this Q(t=0) is generated. First, the generation counter is set to
t = 0, then an initialization of the group of Q-bit individuals qQ (t) whereQ (t) = [a,,q,.. q.1,
where n is the total number of Q-bit individuals and q'is the jth Q-bit individual at a

generation t which is defined as:

t

G{jz

t
aj3

ratl
q;:I : 17)

x R
ER-
L

t

:81'2

t

ﬂj3

| # i

Where j=1,2,..,n and m is the string length.
3) Measuring Chromosomes: this phase is only considered for QECA where X(t) is
generated by the measuring of Q(t). In this step, each Q-bit is observed and measured fromq (t)

in order to extract a classic chromosome x (t)that the evaluation of each quantum chromosome.

For that, x(t)is a group of binary solutions where X (t)=[X,, X .., X 1,and

1 2

X o= Ix X e x' 1,wherex’ is a binary value that is determined as:

j1 j1? j2

x\ =get x| in[0,1];

i]‘:(x'ji < ‘ﬁ;i

| w1 | o2 | o3 | as | o5 | a6 | a7 | a8 | ao [ .. | gn |

l Measure

2)x' =1;elsex =0;

] o | o ] o il o | . [

Figure 4.17. Measured chromosome.
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4) Fitness function: Fitness function represents the desired optimization goal. The
evaluation of each chromosome is through its evolution throughout M iterations. A note is
assigned to individuals (chromosomes in ECA and in QECA) for their mapping solution. A best
chromosome is with the best mapping solution that minimizes the energy consumption under
timing constraints. The fitness function is given as:

F :ﬂxENoc +(1-2)x Ly <100 % (18)
° F _min

In the equation, F_. is the minimum energy found and 4 is a proportionality coefficient

that is used to adjust the proportion of communication power consumption and delay in the cost
function, and the value range is 0< 4 <1. So the optimization objective of the NoC map

method in the thesis is to minimize (F,. ).

The following steps 5 and 6 are not applied in the evolutionary cellular automata
algorithm, but only on quantum evolutionary cellular automata.

5) Store the best solution among x (t) intoB (t) : B(t) iS a matrix that stores the best
solution of QECA chromosome in the whole population.

6) Update q (t) using Q-gates: Quantum individuals are updated by using Q-gates. The
population Q(t) is updated with a quantum gates rotation of qubits constituting individuals. The

rotation gate U (A ¢,) and the update operation are expressed as:

U (a0 = {cos( AG,)) =—sin(A6,)] (19)

sin( AG,) cos( AG,) J

[t ] a'tt
| |:U(A6’i)\F 3'11| (20)
LﬁiiJ Lﬁﬁ J

A 6, 1s a rotation angle which determines the magnitude and direction of rotation. Figure

4.15 illustrates the polar plot of the rotation gate for Q-bit individuals.
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-1
’ A6, (@i, A7)
\

Figure 4.18. Polar plot of the rotation gate for Q-bit individuals.
X b f(Xj)> f(B") A®, S(ay xfy)
>0 <0 =0
0 0 0 A0, - + +
0 0 1 A0, - + +
0 1 0 A 01 - + +
0 1 1 A0, - + +
1 0 0 A61 + +
1 0 1 A0, + +
1 1 0 AD, + +
1 1 1 A0, + +
Table 4.2. Look-up table for quantum gates rotation.

At generation t, the rotation angle A ¢, is updated according to the criteria summarized in

Table.2, where x' and o are the binary control variables in solution x |and the best solution

B'ofB(t), respectively. f(x)yand f(s")represent the objective function values of x ‘and

B'. For example, whenx' and v'are O and 1, and ¢ (x |) is larger than f(s*), the rotation

angle A ¢, is updated according to s(a | x ;) in Table.2 where s(a' x g}) is the sign of

a;xp;-
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In the last step of QECA, the best solution among X (t) and B(t - 1) is stored to B(t),

and terminated if the stopping conditions are met; else generate a new population.

In an ECA, crossover, mutation and replacement are considered and they are applied just
after step 4 where the fitness function for each chromosome is calculated, for that the following
steps are considered only for ECA and they are as follows:

- Crossover: After selecting the new individuals, each two of them are coupled randomly
or based on their fitness function to produce new offspring, and the fitter chromosomes are
searched to form a new population. An example of a couple is when one of the individuals
represents a mapping with high energy consumption, but with the best timing, whereas the
second chromosome is with the minimum energy consumption, but with long latency, the
crossover between them is done in order to search the middle fitness function between them.
Crossover points are randomly set according to the nature randomization behavior of GA.
Crossover is done at one point, or tow points. Two children chromosomes are generated from
two selected parents. After the crossover between parents, if the same task is assigned to two
cores, one of them is selected randomly and the other is set to “0” value. In the other case when
there is an unmapped task, it is mapped to a core that is allocated by the task with the highest
communication flow that is linked with the unmapped task. By that all individuals are labeled as
valid chromosomes.

- Mutation: The crossover is applied between two parents, whereas the mutation uses one
parent and creates one offspring. Each chromosome has a mutation probability which indicates
if the chromosome is mutated or not. The probability is augmented or lowered in each
generation. If the mutation probability of the chromosomes is always low and in the same, the
fitness function is also small, we can observe the weak changing in the population. In this case
we can change parameters such as the voltage of the processors, adding priority to some tasks
that are prone to deadline missing. We can also change the scheduling mechanisms that are
defined in section I1 (e).

Replacement: this phase is the last for ECA where new parents selected for replacing
the older, we used a steady replacement where new chromosomes replace the old one regardless
of their adaptation values, and the elastic replacement where the keeping individuals are with

the best performances on the current generation.

7. Experiments and case of studies

In this section, we discuss the case of studies and experiments used to evaluate the

influence of cellular automata on genetic algorithm and also on the quantum genetic algorithm.
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As the communication patterns of these applications are different, the results produced have
different characteristics, due to that we used the benchmark multi-application to test the
efficiency of the algorithm and compare it with a classical genetic algorithm. We start by
defining the communication task graphs and then we present the results obtained from the
mapping of those applications onto the network on chip.

This thesis studies the effectiveness of evolving cellular automata with quantum genetic
algorithm where considering the transition rules as the search space where each one represents a
chromosome or an individual. The network topology is 5x5 mesh based NoC. We used the per-
stage mapping with the channel mapping as the first mapping of the multimedia application
onto the NoC architecture. The first mapping represents the lattices that are updated according
to the CA transition rules. The lattices of each CA are transformed into mapping and each
transition rule evaluated and assigned a fitness value based on the result obtained from each
lattice updating. In CGA or ECA, the best transition rules with best fitness function values are
selected for crossover and mutation, whereas in ECA, the population is updated using the
quantum gates. The population size is fixed for 150. Crossover and mutation probabilities for
CGA and ECA are not fixed, and each chromosome has a probability of mutation and crossover
based on the algorithm defined in section VIII (D). The termination of GA is set to 800

generations, 300 generations for ECA and 150 for QECA, where a6, =0.000 = and
A6, =0.08 = (The same as in [177]).

The number of ports per router is fixed to 4 ports and maximum link length is fixed to 4
four virtual channels, the scheduling analysis and the routing algorithm must take the number of
ports of the router and the link length as a constraint. For 0.18um technology node the
parameters are defined in Session 2 (Table.2). The router is operating at voltage range from 1.0v
to 0.6v. The frequency of the system is calculated based on the operating voltage according to
Equation.10.

7.1 Quantum evolutionary cellular automata results

Figure 4.20 and Figure 4.21 exhibit our results for the mapping of MMS and auto-indust
respectively onto network on chip 5x5 mesh using the QECA, the metric chosen is the
optimization of the fitness value in each generation, whereas in Figure 4.16, Figure 4.17, Figure
4.18 and Figure 4.19, and under the same assumption used in QECA, we tested the evolution of
the fitness function in each generation using GA in auto-indust, GA in MMS, ECA in auto-
indust and ECA in MMS respectively. A comparison of QECA, ECA and GA finesses function

is done in order to demonstrate the efficiency of QECA as it is illustrated in the following
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figures, where the results of the fitness function obtained from both ECA, and GA are
disordered, sometimes it is low and other time it is high, that is because there isn’t any criteria
that would control nor the stabilization of the results, nor the increment of the fitness function
values.

As it is seen in Figure 4.18 and Figure 4.19, the fitness function is over 300 generations
and an optimization is achieved about 0.98 and 0.97 in both MMS and auto-indust respectively,
so the time that the optimization takes is less than the time in GA that is about 460 generation
where the fitness function optimized about 0.91on both MMS and auto-indust. Whereas in the
figure Figure 4.20 and Figure 4.21 and under the same assumption, we can see that the fitness
function is achieved about 0.99 on both MMS and auto-indust and only after 110 generations.

So the optimization using QECA is efficient and accurate compared to GA and ECA.
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Figure 4.19. The average fitness value of each generation using GA in MMS.
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Figure 4.20. The average fitness value of each generation using GA in auto-indust.
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Figure 4.21. The average fitness value of each generation using ECA in MMS.
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Figure 4.22. The average fitness value of each generation using ECA in auto-indust.
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Figure 4.23. The average fitness value of each generation using QECA in MMS.
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Figure 4.24. The average fitness value of each generation using QECA in auto-indust.

Another advantage whose appears in Figure 4.20 and Figure 4.21 is the stabilization and
an increment of fitness values of the results obtained from QECA compared to GA and ECA,
this increment is the result of using the quantum gates that have the ability to drive the
population toward the best solution. By observing penalty methods, we can then confirm the
effectiveness of QEGA’s performance over ECA and GA and moreover, quantum algorithms
have generally the ability to minimize the complexity of equivalent algorithms that run on
classical computers.

In the following, another metric to prove the efficiency of QECA over ECA is the
deviation of the fitness function. The deviation is considered as the gap between two fitness
values that could influence the performance if it becomes too large over time in another way, it
indicates that successive generations produce two vastly different fitness values. This gap helps
us to take in consideration the role of the ECA operations (the mutation and the crossover) to
guide the generation in the right direction, this guiding is done by controlling the probabilities
of mutation and crossover. Whereas in QECA, the deviation of the fitness function is originally
controlled by the use of quantum gate that drives the population towards the best solution. As it
seen in the following figures (Figure 4.23 and Figure 4.24), huge gaps are remarked between
fitness functions on both applications the MMS and the auto-indust, whereas in Figure 4.25 and
Figure 4.26, we remarked a small gap between the first twenty (20) fitness functions and in the

last a smooth incrementing of fitness values, this is the results of the use of quantum gates.
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Figure 4.27. The deviation of each generation using QECA in MMS.
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Figure 4.28. The deviation of each generation using QECA in auto-indust.

The results of overall energy consumption and latencies on GA, ECA and QECA are
shown in the following table Table.3 where the energy consumption of MMS and auto-indust in
ECA is 41.39% and 45.12% respectively compared with to the initial consumed energy, and
also the latency is optimized about 40.01% and 38.56% on MMS and auto-indust respectively.
Whereas in QECA, the energy consumption is much optimized seeing ECA, on both MMS and
auto-indust about 66.90% and 69.98M respectively, also the latency is either optimized about
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44.89% and 43.98% on both MMS and auto-indust respectively. Our proposed optimization

algorithm that uses QECA is much efficiency comparing to ECA and GA algorithm and from

other research, such as the work presented in [153], where the author proposed a multi-objective

adaptive immune algorithm that is an evolutionary approach to optimize the latency and power
consumption about 27.3% and 42.1% and the latency 29.3% and 36.1%, and in [154] the author
proposed an application mapping technique that incorporates domain knowledge into the

genetic algorithm (GA) to minimize the energy consumption of NoC communication and he

achieved about 29% of NoC communication energy saving.

Energy consumption Latency
MMS2 | Auto-indust | MMS2 | Auto-indust
GA 30.23% | 31.99% 20.66% 18.87%
ECA 41.39% | 45.12% 40.01% | 38.56%
QECA | 66.90% | 69.98% 44.89% | 43.98%
Table 4.3. Comparison between QECA, ECA and GA in executing mms2 and auto-indust.

7.2 Bufferless wormhole routing results

In order to perform a complete evaluation of the proposed routing algorithm, an

implementation of the old randomized routing algorithm is employed using 2D mesh NoC with

a size of 5x5, the router architecture utilized in the thesis consists of 4 virtual channels.
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(a) : Communication energy consumption versus packet size.
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Figure 4.29. Comparison of Bufferless routing with registers versus bufferless routing.

In Figure 4.26, we simulated under the same assumption, a comparison of Bufferless
routing with registers versus bufferless routing, and the results obtained, are from the mapping
of MMS application onto NOC 5x5. In Figure 4.26 (a) we computed the communication energy
consumption of both routing schemes, and as it is seen, under small packet size, the consumed
energy by using the bufferless routing is less than the use of the other scheme. With the
increasing number of packets, the consumed energy during communication from using
bufferless routing with registers is increased as well, but this time it is less than the energy
consumed using bufferless routing. The reason of this huge different increasing of bufferless
routing is because the energy consumed from the links is getting much bigger with

incrementing the number of packets and also because each flit represents a head flit and flits
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from same packet always take different paths. The link utilization is incremented as the number
of head flit increments and that requires huge power to transmit those head flits.

In Figure 4.26 (b) and Figure 4.26 (c), the throughput and average communication latency
of both schemes are computed under varying the number of packets and as it is seen the
bufferless routing shows weak results compared to bufferless routing with registers, the
propagation and the transmission of flits take a different path, and take longer latency.

Bufferless routing shows great results in power saving as bout 33.07% on average and
with the use of small FIFO registers to store only the head flits we obtained greater throughput

and small latencies about 57.31% on average and 41.88% on average respectively.

7.3 Randomized routing algorithm results

In the Figures Figure 4.27, Figure 4.28, Figure 4.29, Figure 4.30, we tested the effect of
packet size on average packet delay, average communication delay, average network latency
and the average throughput using different mapping methods, a random mapping which the task
assignments onto the processors are done with a random way, the second is the per stage
mapping and the third we add the concepts of channel mapping to the per stage mapping. We

simulated these tests under the same assumptions, tr=0.09ms, tw = 0.06, y = 0.5, VC =4, buffer

size = flit size , we generated a random task graph and a random mapping .
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Figure 4.30. Effect of packet size on packet delay using Per- stage mapping without channel

mapping and Per stage mapping with channel mapping and a Random mapping.
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Figure 4.31. Effect of packet size on average communication using Per-stage mapping without

channel mapping and Per-stage mapping with channel mapping and a Random mapping.

As we can see that by incrementing the number of flits the communication delay,
computation delay and throughput are incremented as well. Also the use of the mapping per
stage has improved better results compared to random mapping about 10%, in average packet
delay and about 5% about in average network delay and about 5% in average communication
and about 33% in the throughput, and also the mapping per stage with channel mapping
improved much better results than the random mapping about 46% of the average packet
latency and about 40% about in average network delay and about 42% in average

communication and about 56% in the throughput.
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Figure 4.32. Effect of packet size on average network latency using Per stage mapping without

channel mapping and Per stage mapping with channel mapping and a Random mapping.
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Figure 4.33. Effect of packet size on average throughput using Per stage mapping without channel

mapping and Per stage mapping with channel mapping and a Random mapping.

The average communication delay is used as a metric to evaluate the routing algorithm.
We first minimized the probability of deadlock and then eliminate as possible the wait time of
packets and as it seen in Figure 4.28, the communication delay is much closer to the network
delay, and that because of the transmission time has a major impact on the delay comparing to
the packet delay as it is seen in Figure 4.27.

By varying the packet injection rate of different mapping, the average packet delays don’t
differ too much. In Figure 4.31 we estimated the average packet delay of mapping MMS onto
5x5 Mesh, the delays much closer because the mapping strategy that we used to minimize the
buffer’s wait time. The same thing in Figure 4.32, we estimated the throughput by varying the
packet injection rate. As it is seen in both Figures, the per stage with channel mapping improves
better results than the other by 37%.

Packet injection rate versus average packet latency
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Figure 4.34. Packet injection rate versus average packet delay.
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Figure 4.35. Packet injection rate versus throughput.

In Figure 4.33, Figure 4.34 and Figure 4.35, we tested the average flit in the system, the

buffer occupancy by the flit and the average mean service rate by varying the router service

time tw and tr under different size of virtual channels. Figure 4.33 shows that the average flit in

the system is decreased by incrementing the router time decision and incrementing the number

of VCs.
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Figure 4.36. Average flit in the system at mean arrival rate = 0.5 and bandwidth = 50.

Fig
that, the

ure 4.34 shows the buffer occupancy under varying the router time decision, it is seen

buffer occupancy by the flit is decreased by incrementing the router time decision.

Beside the previous scheme, the results of using VCs are much closer to the results of using one
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physical channel, this because the mapping strategy that we used to minimize the buffer’ and

link> wait time.
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Figure 4.37. Buffer occupancy by the flit with mean arrival rate = 0.5 and bandwidth = 50.
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Figure 4.38. Average mean service rate at mean arrival rate = 0.5 and bandwidth = 50.

In order to test the efficiency of our algorithm, we implemented under the same
assumption the randomized routing algorithm; Figure 4.35 represents the throughput of a
system when mapping MMS onto 2-D Mesh. As it is seen the throughput of the system when
using a randomized routing algorithm with deadlock factor is much better about 95.18% when
using RRA.
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Figure 4.40. Average packet in the system at mean arrival rate = 0.5 and bandwidth = 50.

Figure 4.36 and Figure 4.37 represent the number of packets in the system of RRA and
RRA with deadlock factor respectively, and as it is seen the avoiding of deadlock helps on
serving more packets per cycle. The average packet of the system when using RRA with
deadlock factor is much better about 99.99% than using RRA.

Figure 4.38 represents a comparison of the three mapping technique, a random mapping,
per stage mapping and per stage with channel mapping, the comparison is done using MMS
benchmark on NoC 5x5 mesh. We tested the average network latency of a system of different

mapping. As it is seen the per stage with a channel mapping is more efficient than the others.

PAGE:
155



CHAPTER IV: CONTRIBUTIONS, TESTS AND EXPERIMENTS

35

30
>
e . v v
g 25
E - -
*g 20 ___i—__ -—- N — - -l —¢—random mapping
3 .
E=]
g 15 Per stage mappi ithout
= e & = = Wi
g _ S— W a channel mapping
5 10
= —4— Per stage mapping with channel

5 mapping

0

1 2 3 45 6 7 8 9 10 11 12 13 14 15
Random mapping of MMS in 5x5 NoC

Figure 4.41. Comparison of three mapping strategy based on the average network latency in the

system at mean arrival rate = 0.5.

7.4 Dynamic voltage and frequency scaling results

Table.4 represents the result obtained from using the proposed dynamic voltage and
frequency scaling on both MMS and auto-indust with comparing it to none using of DVFS. In
order to evaluate the algorithm three metrics are used that are the energy consumption, the
latency of the system and an end to end deadline, the latter metric is related to the soft nature of
real-time multimedia application and it is used to guarantee that the deadline is not missed, but

with a small threshold. The results obtained are presented in the following table:

Energy consumption Latency End to end deadline
MMS2 | Auto-indust | MMS2 | Auto-indust | MMS2 Auto-indust
DVFS 0.33 0.27 48.61 | 40.12 100% 100%
Non-DVFS | 2.95 251 1417 |12.90 51.67% | 49.19%
Table 4.4. Results of executing mms2 and auto-indust with/without dynamic voltage and

frequency scaling.

As it is observed, the DVFS has a long latency comparing to Non-DVFS about 62.62%
and 60.36% on MMS and auto-indust respectively, but the energy consumption is high in Non-
DVFS about 88.81% and 89.24 % on MMS and auto-indust respectively. The end to end
deadline in Non-DVFS is close to the half, so the tasks are executed with high voltage and end
in short time, resulting in leakage power on idle processors, whereas in using DVFS, an end to

end deadline is achieved without deadline missing and with optimizing the energy consumption.
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8. Conclusion

Energy consumption and latencies are the most critical issues for advanced NoC designs
using scaled technologies. In this chapter, we have presented a novel approach to optimize the
network on chip performance using quantum computing in evolutionary cellular automata in
order to guarantee better population diversity while driving the population towards the best
solution. We compared classical GA, ECA, and shown that QECA algorithms are a very
promising technique stimulating the process of discovering effective rules that leads to better
fitness functions with better population diversity that is driven towards the best solution. We
had also presented the efficiency of the proposed approach in the deadlock and livelock
avoiding using a randomized routing algorithm and bufferless wormhole based registers. Also
we had proposed dynamic voltage and frequency scaling algorithm that achieve an end to end

deadline and optimize about 88.81% of the energy consumption.
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GENERAL CONCLUSION

1. Conclusion

This thesis presents a novel method for solving the mapping, scheduling and the routing
problems in regular network on chip for multimedia applications based on quantum
evolutionary cellular automata. The method applies QECA to handling the multimedia
application tasks mapping and scheduling problem. The QECA method is based on the concept
and principles of quantum computing, such as quantum bits, quantum gates and superposition
of states. Thus, the mechanism of the QECA method can inherently treat the balance between
exploration and exploitation where each Q-bit individual can represent and explore all possible
states and drive it to exploit a single state. The use of quantum bit representation leads to better
population diversity compared with the classical bit representations while the use of quantum
gate drive the population towards the best solution. The optimization achieved using QECA is
efficient and accurate compared to GA and ECA where the fitness function is about 99% over
110 generations.

Also, we had proposed an idea considering the design issues in using bufferless routing in
NoC while motivated by the use of small FIFO registers; we used the bufferless routing in order

to achieve minimal latency and greater throughput by using a new randomized routing
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algorithm with new format of wormhole flits that use small FIFO registers. The idea of the
randomized routing algorithm works in two steps, the first is to determine the deadlock factors
using a randomized routing algorithm while the second step is to choose the direction with the
minimum deadlock factor value. We had also proposed a new mapping strategy in order to
eliminate the buffer wait time. The routing algorithm achieves about 95.18% of the system
throughput and both the mapping strategy with the routing algorithm achieved about 46% of the
average packet delay.

In the context of power management, we proposed a dynamic voltage and frequency
scaling algorithm that achieve 100% end to end deadline while searching the voltage changing
point based on the task workload. Our algorithm saves the power by lowering the operating
voltage and clock-speed of a processor in real-time to meet the executed tasks timing

constraints.

2. Perspectives

In this thesis, we focused on the mapping of multimedia application task into regular 2D
mesh network on chip while taking into account the possibility of task migration but only on
one of the node neighbors, and also with applying the voltage and frequency scaling on each
task (if conditions are satisfied) under 0,18 nm technology, where we had also solve the
deadlock and livelock problems that are occurred in randomized routing algorithm with using
new format of head flit in wormhole switching. In future work we attempt to:

- Using 3D mesh and also different technology (E.g. 0, 22 nm).

- Solve the mapping problem in multimedia application into irregular network on chip.

- Using another task migration strategy such as task migration through check-pointing
or predictive task migration.

- Using another voltage and frequency scaling methods such as the partitioning DVFS.

- The optimization was targeting the energy consumption and latency of the system,
another criteria is also important in irregular network on chip which is the chip area, we will

apply the QECA but with three objectives (area, energy consumption and latency).
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