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Abstract

Recently, on the on-chip and embedded domain, we are witnessing the
growing of the Multi-Processor System-on-Chip (MPSoC) era. Network-
on-chip (NoCs) have been proposed to be a viable, efficient, scalable, pre-
dictable and flexible solution to interconnect IP blocks on a chip, or full-
featured bus-based systems in order to create highly complex systems. Thus,
the paradigm to high-performance embedded computing is arriving through
high hardware parallelism and concurrent software stacks to achieve max-
imum system platform composability and flexibility using pre-designed IP
cores. These are the emerging NoC-based MPSoCs architectures. However,
as the number of IP cores on a single chip increases exponentially, many
new challenges arise.

The first challenge is the design of a suitable hardware interconnection to
provide adequate Quality of Service (QoS) ensuring certain bandwidth and
latency bounds for inter-block communication, but at a minimal power and
area costs. Due to the huge NoC design space, simulation and verification
environments must be put in place to explore, validate and optimize many
different NoC architectures.

The second target, nowadays a hot topic, is to provide efficient and flex-
ible parallel programming models upon new generation of highly parallel
NoC-based MPSoCs. Thus, it is mandatory the use of lightweight SW li-
braries which are able to exploit hardware features present on the execution
platform. Using these software stacks and their associated APIs accord-
ing to a specific parallel programming model will let software application
designers to reuse and program parallel applications effortlessly at higher
levels of abstraction.

Finally, to get an efficient overall system behaviour, a key research chal-
lenge is the design of suitable HW/SW interfaces. Specially, it is crucial in
heterogeneous multiprocessor systems where parallel programming mod-
els and middleware functions must abstract the communication resources
during high level specification of software applications.
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Thus, the main goal of this dissertation is to enrich the emerging NoC-
based MPSoCs by exploring and adding engineering and scientific contribu-
tion to new challenges appeared in the last years. This dissertation focuses
on all of the above points:

• by describing an experimental environment to design NoC-based sys-
tems, xENoC, and a NoC design space exploration tool named NoC-
Maker. This framework leads to a rapid prototyping and validation of
NoC-based MPSoCs.

• by extending Network Interfaces (NIs) to handle heterogeneous traf-
fic from different bus-based standards (e.g. AMBA, OCP-IP) in order
to reuse and communicate a great variety off-the-shelf IP cores and
software stacks in a transparent way from the user point of view.

• by providing runtime QoS features (best effort and guaranteed ser-
vices) through NoC-level hardware components and software middle-
ware routines.

• by exploring HW/SW interfaces and resource sharing when a Floating
Point Unit (FPU) co-processor is interfaced on a NoC-based MPSoC.

• by porting parallel programming models, such as shared memory or
message passing models on NoC-based MPSoCs. We present the im-
plementation of an efficient lightweight parallel programming model
based on Message Passing Interface (MPI), called on-chip Message
Passing Interface (ocMPI). It enables the design of parallel distributed
computing at task-level or function-level using explicit parallelism and
synchronization methods between the cores integrated on the chip.

• by provide runtime application to packets QoS support on top of the
OpenMP runtime library targeted for shared memory MPSoCs in or-
der to boost or balance critical applications or threads during its exe-
cution.

The key challenges explored in this dissertation are formalized on HW-
SW communication centric platform-based design methodology. Thus, the
outcome of this work will be a robust cluster-on-chip platform for high-
performance embedded computing, whereby hardware and software com-
ponents can be reused at multiple levels of design abstraction.
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CHAPTER 1

Introduction

Nowadays, the continuous evolution of the technology (i.e. Moore’s law,
that claims that every 18 months the number of transistor on a chip is du-
plicated) causes that every INTEGRATED CIRCUIT is able to contain a large
number of transistors and this will continuously grow until 2020 according
to the The International Technology Roadmap for Semiconductors prediction [1].
Assuming this prediction the designers must change the methodologies and
also the associated EDA tools to exploit all the potential of the technol-
ogy effectively. Furthermore, from 2005 until now, due to the importance
of software components (i.e. SW stacks, libraries and stand-alone compo-
nents) that full-featured systems require, the productivity gap includes the
additional software required to the hardware platform. This software is cru-
cial to enable the flexibility and programmability by exploiting all hardware
available features. In addition, to boost microelectronics productivity and
reduce specially the hardware gap between technology and design produc-
tivity, the designers must change their mind at the moment of planning the
chip design process. Figure 1.1 on the following page shows the evolution
of the productivity gap during the last years.

Because of this law, during the last 30 years until our days the micro-
electronics has experimented a continuous and a natural rapid evolution in
many aspects, such as:

• Design methodologies (i.e. bottom-up, top-down, meet-in-the-
middle, communication-centric...).

• COMPUTER AIDED DESIGN (CAD)
ELECTRONIC DESIGN AUTOMATION (EDA) tools.

• Abstraction levels of design (i.e. layout, schematic, system-level...).
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• Technology integration (i.e. LSI, VLSI,...).

Figure 1.1: HW-SW evolution of the productivity gap

As we shown in Figure 1.2 on the next page, in 70s when microelec-
tronics saw the light, the designs were based on a Bottom-Up methodology
which consists in using the layout design rules and transistor models or,
later, a library of basic cells, to implement the functionality of your IC. Dur-
ing this decade, EDA tools let the designers to create the schematic and the
layout of their IC quickly, but designers were not able to simulate the whole
IC until it was completely developed. In addition, designers were obliged
to select a particular technology, and as a consequence, they also got the cor-
responding library of basic cells. Thus, a design error will probably be de-
tected at the block composition level, and this will cause a big problem dur-
ing last phases of design. Therefore, to avoid these problems of portability
and the lack of a global verifiable view, the emergence of Hardware Descrip-
tion Language (HDL) took place, changing this methodology to a top-down
approach. Using a Top-Down methodology, designers were able to specify
all requirements at first phases of design in order to verify functional re-
quirements, to later implement the circuit using a synthesis tools based on
portable hardware description languages (technology-independent HDL),
map the circuit to a specific technology, and after that check if the IC fulfills
detailed performance requirements (using back-annotation). If it does not,
designers had to do a feedback phase in order to improve the design (chang-
ing the design or selecting another technology) that fulfills the requirements,
this is a spiral model [2].

2 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



1. Introduction 3

Design C
om

plexity

Poligons

Transistors

Gates

RTL

System-on-chip

(SoC)

Network-on-chip

(NoC)
N

u
m

b
e
r 

o
f 

tr
a

n
s
is

to
rs

1975 1980 1985 1990 2000 200?

Time (years)

IPcore 

library

Communication 

library (routers, NICs)

� Bottom-up design 

methodology

� EDA tools help the 

layout generation

� Electric SPICE 

simulation

� 20K gates

� 3.0 µm

� HW-SW codesign  or 

Meet-in-the Middle 

design methodology

� EDA tools help IP 

core integration (reuse )

� 10 – 130M gates

� 250 nm – 130nm

� Communication-centric 

design methodology

� EDA tools help both 

integration IP cores & 

communication resources

� ~1G gates

� Less than 130 nm

� Top-down design 

methodology

� HDL languages

� 50 – 500K gates

� 3.0 – 0.5 µm

Figure 1.2: Evolution of microelectronics, from ASICs to NoCs in SoCs

Furthermore, through HDLs let designers to move towards higher lev-
els of abstraction due to a design certification (sign-off) based on cell library
characterization. So, for most of digital design, it was not necessary to
design at transistor level because using HDLs, designers were able to de-
sign above Register Transfer Level (RTL) descriptions. Designing at RTL level
made possible to design large chips within shorter design cycles. Further-
more, this RTL design methodology at the present is still a de facto standard
for making large cell-based ASICs quickly.

Despite of RTL design advantages, during 90s designers realized that
the existing methodologies were not enough to reduce the productivity gap,
the design costs and the time-to-market. Therefore, designers decided to set
up strategies to reuse all previously implemented and tested RTL designs,
named as Intellectual Property (IP cores). Thus, the reuse of these IP cores
together with the HW-SW co-design strategies, and the improvement of
EDA tools were the solution adopted to face part of that problem by boost-
ing the productivity. Thus, more complex IP could be designed, from lay-
outs containing special transistor structures, until functional blocks, such as
ALUs and multipliers, to microprocessors, ASIPs, VLIW, DSPs (cores and
surrounding infrastructure) and also verification IPs, which they have be-
come the primitive building blocks when designers implement an IC. For
these reasons, designers are always moving towards higher levels of ab-
straction, describing the system’s functionality using these components and
its related methodologies. Thus, designers will be able to realize complex
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IC reducing the design time (and therefore the time to market).

However, the increase of design productivity was not enough to reduce
the gap and scaling technological problems appear. Deep Submicrometer
(DSM) and Sub-wave Length (SWL) technology effects and interconnection
complications appear when designers develop complex ICs with many IP
cores. The most common submicron effects are crosscoupling, noise and
transient errors, and a global clock synchrony. The clock signal will soon
need several clock cycles to traverse the chip, clock skew become unman-
ageable, and the clock distribution tree is already today a major source of
power consumption and area cost. In addition, with higher clock frequen-
cies these problems became more significant.

On the other hand, the interconnection problems are also a huge trou-
ble, and it is because of technology scaling works better for transistors than
for interconnection wires [3] (though the number of metal layers is also in-
creasing). This leads gradually to its dominant contribution in performance
figures, power consumption and speed. All these reasons carry us to the ob-
vious conclusion that we need something more than only reuse IP-cores in
order to develop complex ICs with billion of transistors in the near future.

Next step forward in design methodologies was to move from bottom-
up or top-down methodologies towards a hybrid or combination of both,
this resultant methodology is called Meet-in-the-Middle. It leverages the
power of top-down methods and the efficiency of bottom-up styles. Us-
ing this methodology and due to the HW-SW co-design, let designers to
do concurrently the development of HW and SW components, and also se-
lect a HW-SW interface infrastructure at the moment of design a SoC. In
addition, this methodology balances the design time with the implemen-
tation automation to get first-time-right designs. From this meet-in-the-
middle approach, a more advanced and generic methodology that abstract
architectural concepts emerged around year 2000, as the platform-based de-
sign [4,5]. This methodology is also based on reuse of integration of HW and
SW components, and furthermore it is an extension of their predecessors be-
cause claim on reuse of system architectures and topologies. Moreover, this
methodology also defines several independent levels, such as virtual and
real platforms. Finally, it also includes domain specific software layers that
helps in application development and the industrialization layer that helps
to reduce costs.

To achieve all these trends, an emerging paradigm called SYSTEM-ON-
CHIP (SOC) or MULTI-PROCESSOR-SYSTEMS-ON-CHIP (MPSOCS) and its
associated concepts appear in order to design the new generation of IC on
the embedded domain.
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MPSoCs [6,7] are used in many different applications and environments,
such as multimedia mobile (e.g. mobile computing, video and audio cod-
ing, photography), robotics and automation (e.g. virtual reality), SDR com-
munications (e.g. GPS, 3G, UMTS, HSDPA), networking, health care de-
vices, stand-alone aerospace and automotive, an many more. Thus, the
requirements, in terms of IP cores, that will require these systems will be
between tens or hundreds of IP cores on a single die. The trend is that every
2 years the number of IP cores are doubled on a single chip [8].

Depending of the system composability and the traffic diversity, we
can talk about homogeneous (e.g. Symmetric multiprocessing (SMP) systems)
or heterogeneous (e.g. Asymmetric multiprocessing (ASMP) systems), and
general-purpose or application specific MPSoCs. Homogeneous MPSoCs
are composed by many identical cores (e.g. using exclusively replications
of microprocessor) provide specialized processing around a main proces-
sor, which allows for performance, power efficiency, and high reuse. On the
other side, heterogeneous MPSoCs integrate specialized cores (e.g. DSPs,
VLIWs with microprocessors and specialized HW blocks) around the main
processor which not identical from the programming and implementation
point of view. For many applications, heterogeneous AMP is the right ap-
proach, mainly due to power efficiency, but still homogeneous SMPs are
attractive when the applications cannot be predicted in advance.

1.1 Background

A critical piece of MPSoC is the communication infrastructure, specially
when the number of IP cores integrated on the system increase. The com-
munication fabrics of these IP cores have been organized in different archi-
tectures during MPSoC era (see Figure 1.3 on the following page).

In the beginning due to the simplicity of the designs and traffic unifor-
mity, MPSoCs were using a Point-to-Point based communication scheme [9]
(see Figure 1.3(a) on the next page). In this architecture, all IP cores were
able to communicate with each other (when required) only by using dedi-
cated wires. The communication infrastructure is fixed between all IP cores
rather than reusable and flexible. Despite this fact, a point-to-point architec-
ture is optimal in terms of bandwidth availability, latency and power usage.
Normally this architecture is used to design specific purpose IC.

Once IP cores were established in the market by third parties a big prob-
lem cropped up: how designers could interconnect these IP cores? Assum-
ing that a complete design can integrate many IP cores, and each IP core
might have different interfaces because it can come from different partners

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 5
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Figure 1.3: Evolution of the communication fabrics in MPSoCs

or third parties. So, two approaches emerged to standardize this intercon-
nection, one is known as VSIA [10, 11] with their own concept of Virtual
Component Interface (VCI), and the other is OCP-IP [12]. Both included a
definition of a standard communication socket, allowing that some IP cores
from different vendors could be plugged effortlessly together, and also a
set of architectural rules (e.g. separated address and data buses). These
rules, mainly VSIA, were widely adopted for the different interconnection
structures, principally related to busses, of the processor core producers, in
the processor-centric dominant approach, whereas OCP-IP was better ad-
dressed for a communication centric approach. Thus, the design of complex
MPSoCs relies on the existence of EDA tools for design space exploration to
help designers to integrate the cores on the system effortlessly.

In consequence, to get more flexibility, a next step forward was to change
this point-to-point architecture to a Shared Bus infrastructure as shown
in Figure 1.3(b), which is often called On-Chip Bus (OCB). On it all IP cores
(i.e. CPUs, DMA, memory controllers,...) are connected through the same
backbone, i.e. sharing the communication resources, and devices are mem-
ory mapped on the address space of the bus, which lets to a global compo-
nent view of the whole system. Since the introduction of a bus-based SoC
architecture at the end of 90s, the solution to implement the SoC commu-
nication has generally been characterized by custom ad-hoc design mixing
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buses and point-to-point links. These kind of architectures are built around
well understood concepts, and they are extremely simple and easy to de-
sign. However, for the next generation of complex MPSoCs with many func-
tional units, and traffic loads, this shared backbone quickly becomes a com-
munication bottleneck, since only a pair of devices can communicate at the
same time. In other words, as more units are added to the bus, its usage per
communication event grows leading to higher contention and bandwidth
limitations. The longer wires due to the increasing number of components
along the chip and its associated capacitive yield also to a severe scalability
problem, and a dramatically reduction of the overall operation frequency
of the system. This fact is even worse when the technology scales down.
Finally, for multi-master busses, the arbitration policy (e.g. fixed priorities,
round robin, or time slot access) problem is also not trivial.

Bus Pros & Cons Network Pros & Cons

Every unit attached adds parasitic ca-
pacitance, therefore electrical perfor-
mance degrades with growth

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

X

Bus timing is difficult in a DSM process x Routing decisions are distributed, if the
network protocols is made non-central

X

The bus arbiter is instance specific x The same router my be reinstantiated
for all network sizes (communication
reusability)

X

Bus testability is problematic and slow x Locally placed dedicated BIST is fast and
offers good test coverage

Bandwidth is limited and shared by all
units

x Aggregated bandwidth scales with the
network size

X

Bus latency is wire-speed once arbiter
has granted the control

X Internal network contention may cause
large latencies

x
Any bus is almost directly compatible
with most available IPs, including soft-
ware running on CPUs

X Bus-oriented IPs need smart wrappers.
Software needs clean synchronization in
multiprocessor systems

x

The concepts are simple and well under-
stood by designers

X System designers need re-education for
new concepts

x

Table 1.1: Bus-based vs. on-chip network architectures (adapted from [13])

Along this bus-based era, many standard bus-based SoCs have been de-
veloped by silicon companies. The most extended pairs OCB and embed-
ded processor cores to build SoCs or MPSoCs are the followings:

• AMBA 2.0 [14, 15] ↔ ARM or LEON3 [16].

• IBM Coreconnect [17] ↔ PowerPC/Microblaze [18].

• Avalon [19] ↔ Nios II [20]

In consequence, to face these limitations, pure shared bus-based sys-
tems shift towards a Hierarchical [14, 17] or Multi-Layer [27] global commu-
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MPSoC Technical Components Architecture overview

- MIPS PR3940, Trimedia TM32 VLIW
 - Three buses: Memory, MIPS and Trimedia

- 2D rendering & MPEG-2 video decoder,
image & composition, video input processor,

Philips scaler and system processor
Nexperia ™ - I/O: UART, PCI, IEEE 1394, etc
[21] - OS: Windows CE, Linux, WindRiver, VwWorks

- Use semaphores to access shared resources
- Use in multimedia applications, digital
video systems, DTV and set-top box
- First experimental family was Viper PNX-8500 [22]

- ARM7, MCU and TMS320C54x
for GPRS/GSM & ARM926EJ-S
- 2D Graphic accelerator, shared memory,
frame buffer, cryptography engines

TI OMAP ™ - Support all leading OS
[23] - I/O: bluetooth, USB, UART, irDA, WLAN

- Support 2.5G and 3G mobiel applications
- Security speed processing, gaming and
multimedia mobile

- Heterogeneous MPSoC (ARM926E-JS) AMBA bus

 and video/audio accelerators (MMDSP+ ST CPU)
- I/O: UART, USB, Bluetooth, WLAN, GPS, FIrDA
- 20 mW decoding MPEG-4 at 15 fps using

ST Nomadik ™ QCIF + MP3 audio
[24] - I/O: bluetooth, USB, UART, irDA, WLAN

- Supports OMAP architecture
- Security speed processing, gaming and
mobile multimedia applications (MPEG-4, H263)
- Heterogeneous MPSoC (PE+PPE)
PPE is 64-bits dual-threaded mP, PowerPC
8 SPE (SIMD processors 128 x 128 bit registers
- Element Interconnect Bus

Cell Processor - Support VMX
[25] - Consumes 60-80W@4GHz (256 GFLOPS SP

and 25 GFLOPS DP floating point operations)
- Used in 3D games consoles
- Cryptography, graphics transform and lighting,
physics, FFTs, matrix operations

Table 1.2: State of the art in MPSoCs (extracted from [26])

nication architectures. In these architectures, multiple buses are intercon-
nected through bridges (see Figure 1.3(d) on page 6) or full or partial crossbars
(see Figure 1.3(c) on page 6). This evolution makes long wires shorter due to
its segmentation to avoid signal degradation, and busses are implemented
as multiplexed structures to reduce capacitance (and therefore power usage)
and increase responsiveness (see Table 1.1 on the previous page). Many MP-
SoCs have been manufactured by different companies targeted to embed-
ded platform domain. Table 1.2 presents a summary of the most extended
MPSoC platforms targeted to multimedia, networking and wireless mobile
applications.
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In response to these issues, more advanced busses [28–30], advanced
multi-layer communication infrastructures [31] or IP socket based proto-
cols, such as AMBA-AXI [32] or OCP-IP [12] have been developed to mainly
generate more flexible topologies, smarter distributed arbitration schemes,
and more sophisticated handshake protocols (i.e. out-of-order transactions,
multiple burst types, pipeline transactions, etc). However, these approaches
are still sub-optimal due to the inherent bus limitation issues explained be-
fore in Table 1.1 on page 7, and are definitely not suitable for the large future
scalable next-generation MPSoCs as is reported in [33–38].

Therefore, a natural evolution and its associated paradigm from the orig-
inal shared, hierarchical bus-based architectures has been proposed by the
research community to face the design of the next-generation of SoCs and
MPSoCs.

This paradigm is built upon the NETWORKS-ON-CHIP (NOCS) con-
cept [3,13,39–42]. We view a SoC as a micro-network of components, where
the network is the abstraction of the communication among components
and must satisfy many constraints (e.g. Quality-of-Service requirement, re-
liability, performance and energy bound, etc). Using this on-chip network
communication architecture, the throughput is increased by pipelining the
point-to-point wires, but also having parallel channels since the bus-bridges
become distributed routing nodes.

As a replacement for busses and point-to-point links, NoCs hold the po-
tential of scalability from ground up, modular and flexible design flow,
as well as they address fundamental physical-level problems introduced
when scaling microchip technologies into DSM geometries. In addition,
NoC greatly improve topologically the scalability of SoCs, and shows higher
power efficiency in complex SoCs compared to buses.

In the research community, there are two widely held perceptions of
NoCs:

• NoC as a subset of SoC.

• NoC as an extension of SoC.

In the first view, the NoC is defined strictly as the data forwarding com-
munication fabric, i.e. the network and methods used in accessing the net-
work. In the second view, the NoC is defined more broadly (like a composi-
tion of SoCs), also to encompass issues dealing with the application, system
architecture, and its impact on communication or vice versa.

In contrast to traditional SoC communication schemes outlined above
in Table 1.2 on the facing page, the distributed of segmented scheme used
in NoCs with specific communication links and routing nodes, scale well

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 9
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in terms of chip size and complexity. A priori, using NoCs will be able
integrate in a single chip tens to hundred cores without losing throughput.
An additional advantage of this on-chip network architecture is that it is
able to increase aggregated performance by exploiting parallel operations;
it is an very important issue on MPSoCs.

To solve the distribution and the global clock synchrony, a Globally Asyn-
chronous Locally Synchronous (GALS) scheme have been proposed to design
NoC systems. Using this scheme it is not necessary to use a global clock for
all the NoC. Each tile can have an independent clock, and the global syn-
chronization is implemented using an asynchronous style. Therefore, it is
not necessary a global chip clock synchrony and the clock tree complexity
is reduced. Thus, the GALS scheme avoids increasing clock skew problems
improving notably the power consumption.

Despite this large number of presented methodologies in this chapter,
now MPSoCs designs are progressively requiring a Communication-Centric
and System-Level Platform-Based design methodology. In this methodology let
designers to reuse both, HW and SW components, but also the most impor-
tant innovation; designers are able to reuse the communication architecture.

In terms of reusability, NoCs let the designers to reuse both, the compu-
tation nodes (using pre-designed IP cores) and the communication infras-
tructure (reusing routers/switches and network interfaces (NIs) or hard-
ware wrappers), being crucial to reduce the productivity gap presented
in Figure 1.1 on page 2.

In conclusion, NoCs constitute a viable solution paradigm to communi-
cate SoCs, or future scalable large MPSoCs. Thus, the trend in a near future
will be the custom design of NOC-BASED MPSOC architectures.

1.2 NoC-based MPSoC: Opportunities and Chal-
lenges

The term NoC is used in research today in a very broad sense, ranging from
gate-level physical implementation, across system layout aspects and ap-
plications, to design methodologies and tools (see Table 1.3 on the facing
page).

Hence, many opportunities and challenges arise specially at hardware
design, but once the hardware design is fully functional and optimized lots
of research topics emerge, such as parallel programming models, HW-SW
interfaces, application mapping, run-time reconfiguration, O/S support,
and multiple memory hierarchy options.
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Abstraction Level Research Topics

- Design methodologies, co-exploration, modeling, simulation, EDA tools
- Architecture domain: mapping of applications onto NoCs, system composition,
clustering, reconfigurability, Chip-multiprocessor, SMPs, or ASMPs NoC-based
systems
- NoC benchmarks

System/ - Traffic modeling: latency-critical, data-stream and best-effort
Application Level - Parallel programming models

- High-Level languages to exploit concurrency and parallelism
- O/S support for NoC
- Power and thermal management
- Dynamic Voltage and Frequency Scaling (DFVS)
- Run-time services according NoC features

Network Interfaces
- Functionality: encapsulation, service management
- Sockets: plug and play, IP reuse

Network Architecture

- Topology: regular vs. irregular topologies, switch layout
- Protocols: routing, switching, control schemes, arbitration
- Flow control: deadlock avoidance, virtual channels, buffering
- Quality of Service: service classification and negotiation
- High-Level languages to exploit concurrency and parallelism
- Features: error-correction, fault tolerance, broadcast/multicast/narrowcast, vir-
tual wires

Link Level

- Timing, synchronous/asynchronous, reliability, encoding
- Physical design of interconnect
- Signaling and circuit design for links
- Quality of Service: service classification and negotiation
- NoCs for FPGAs and structured ASICs
- 3D NoC Integration

Table 1.3: NoC research topics according to the abstraction levels

There are several key design questions that must be answered in devel-
oping a NoC-based MPSoCs for specific next-generation embedded appli-
cations:

• Extraction of concurrency from the application software or models
decades of research into trying to automate the discovery of concur-
rency in software, but very little in the way of generally applicable
results have emerged. Therefore, the integration of NoC architectures
and with parallel programming models is the next big challenge.

• Homogeneity and Heterogeneity - For many applications, only an het-
erogeneous AMP approach is valid, but homogeneous SMP is also at-
tractive when the applications cannot be predicted in advance. How
can we combine both approaches where needed? How do the two
domains communicate and synchronize?

• How many processors are required for an application, and are they
best designed or configured as the composition of discrete subsystems
or as the melding of them to share resources?

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 11
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• What kind of on-chip communications architectures are best? Does
NoC have wide applicability? How do we effectively mix NoC, buses,
and point to point approaches?

• Scalability: It is relatively easy to visualize how to get to 10, 20, and 100
processors in a complex SoC composing many multiprocessor subsys-
tems. How do you get to 500 to 1000 or more? Do we even want to?
What are the practical limits?

In this dissertation we will try to answer part of these general questions.
The novelty and contributions are extracted from the integration of different
ideas on different research areas rather than exploiting specific research top-
ics. Thus, applying well-know concepts and adapting them to the existing
requirements will lead to a novel and reusable component approach to cre-
ate a a working framework for high-performance embedded computing on
on the emerging parallel NoC-based MPSoCs architecturesd. In Section 1.3
will show the main contribution of this Ph.D. dissertation.

1.3 Contributions of This Dissertation

This dissertation aims to shed light on the trade-offs in the design of NoC-
based MPSoCs systems at many different levels, ranging from specific NoC-
level features until its integration and programmability through high-level
parallel programming models at application level. This vertical approach
also takes into a count the design of efficient hardware-software interfaces,
and the inclusion on the system of full-featured cores to achieve high-
performance embedded computing. The main contributions are:

• The contribution of a NoC component library for simulation and syn-
thesis called NoCMaker within xENoC environment. This library is
highly configurable and targeted to evaluate the interconnection of
different homogeneous and heterogeneous NoC-based MPSoCs.

• The analysis of NoC performance and cost in a variety of environ-
ments and traffic conditions as well as in real parallel applications.
Results include architectural simulations and back-end analysis on op-
erating frequency, area and power consumption.

• The extension of NoCs with facilities able to guarantee interoperability
of IP core compliant with OCP-IP and AMBA 2.0 standard. This is
a key features in today’s system design in order to enable the reuse
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and the transparent integration of different types of IP cores on a full-
featured NoC-based MPSoC.

• The design and the extension of NoC components to guarantee differ-
ent levels of Quality-of-Service (QoS). The main target is to provide
a combination of guaranteed services and best-effort QoS. The QoS
is provisioned by hardware and middleware components in order to
enable run-time QoS reconfiguration at application level.

• The integration of all NoC-level blocks and SW libraries in a cycle-
accurate simulation and traffic generation environment for validation,
characterization and optimization purposes.

• HW-SW integration of Floating-point Unit (FPU) on a NoC-based MP-
SoC. This work will explore the hardware and software issues when
interfacing a FPU on a MPSoC system, such as synchronization, re-
source sharing, HW-SW communication interfaces and protocols, etc.
Results show the trade-offs between a pure HW block, and the SW
emulation during the execution of floating point operations.

• The implementation of an efficient lightweight message passing pro-
gramming model, inspired in MPI (Message Passing Interface), called
on-chip MPI (ocMPI). It has been integrated and tested successfully in
a cycle accurate simulator, but it also has been ported to a real FPGA-
based NoC-based MPSoC to run parallel application and benchmarks.

• The study of a vertical integrated approach on how to enable QoS
at NoC-level from application level using middleware routines. The
study is focus on provide QoS at task and thread level to balance the
workload under congestion, to boost performance of critical threads
on OpenMP programs, and in general to meet application require-
ment.

Moreover, as a contribution to the field on the design of NoC-based sys-
tems, in this thesis is provided a structured overview of the state-of-the art
in each chapter according to the specific research topic. Furthermore, as a
proof of the concepts, all theoretical contributions have been deployed in
a practical implementation on top of cycle accurate simulators and/or real
prototyping platforms in order to obtain reliable accurate experimental re-
sults.

This dissertation also contributes on the formal definition of a HW-SW
design methodology presented in Figure 1.4 on the following page to de-
sign highly parallel NoC-based MPSoCs for high-performance embedded
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computing. The proposed methodology will be used along this thesis, and
it is sustained on top of the definition of a robust OSI-like layered micro-
network protocol stack adapted to NoC-based systems.
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Figure 1.4: HW-SW communication-centric platform-based design (adapted
from [43])

Figure 1.4 shows the HW-SW communication-centric platform-based de-
sign to implement NoC-based MPSoCs. In this design flow we can distin-
guish five design phases:

1. System specification: related to system-level specs, such as system

and component parameters (performance, throughput, latency, band-
width,...). At this level we impose restrictions to be checked later
in terms of correct functionality and performance. It is also defined
which task and components are necessary to build the complete sys-
tem. Normally, this system specification is done by using a natural
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language, however UML is often used for system specification, and
both hardware and software designers must be present to discuss ac-
curately the system specs.

2. Architecture exploration: its main target is to perform a co-exploration

in order to decide the better architecture according to the system re-
quirements (named in Figure 1.4 on the facing page as Golden Ab-
stract Architecture). This implies that both computational components
(e.g. microprocessors, VLIWs, DSPs, FFT cores, 3D accelerators, etc.)
and communication infrastructure (bus-based, NoC-based or dedicate
point-to-point communication) must be optimal to fulfil the initial re-
quirements. Therefore, during this co-exploration task, it is manda-
tory to do a cyclic refinement phase, improving the system behaviour
in each loop. During this refinement, two architectural aspects must
be improved. From the point of view of computational components, it
is important to decide which components will be implemented in soft-
ware and in dedicated hardware, whereas from communication point
of view the most important issue is to do a design space exploration to
obtain the better communication infrastructure. Afterwards, system
designers define the hardware-software partitioning and application
mapping in order to perform a concurrently HW-SW co-design.

3. Software design: designers must optimize according to the applica-

tion, the microprocessor interfaces, software drivers, and also when
required, the operating system and middleware routines. The study
and task mapping of the application represented with a directed
acyclic graph (DAG) must be done, as well as the potential paralleliza-
tion of the sequential into a parallel program, as presented in Multipro-
cessing Parallelization Assistant (MPA) in IMEC [44]. This software par-
allelization implicitly in conjunction with the architecture will deter-
mine the parallel programming model. A software optimization could
be done in all levels of software, for instance, by redefining concurrent
tasks, improving HW-SW interfaces, using hardware accelerators to
boost software execution, etc.

4. Architecture design & HW-SW co-design: the golden reference model

of the abstract architecture (obtained during architectural exploration)
must be implemented with the help of a HDL in order to obtain a syn-
thesisable RTL description. Obviously, this architecture will be com-
posed by hardware IP cores, software components (described during
software design) and the communication infrastructure. In addition,
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an important element that must be implemented is the HW-SW wrap-
per interface. As commented before, through this interface we com-
municate the hardware platform and the software components (i.e.
drivers and middleware APIs) of our system. The design of this inter-
face is a key challenge to obtain a good system performance. Another
important issue during design is to guarantee the correct operation.
Once we have all system components of our MPSoC (HW or SW com-
putational components, NoC hardware communication architecture
and software APIs), it is time to integrate everything in order to im-
plement the complete system. Another interesting path to implement
the complete system without using any final physical platform is to
merge all components using SystemC™ [45, 46]. This language let us
to describe both hardware architecture and software components in
C/C++, and after that, we are able to do a co-simulation to verify the
whole virtual system at different abstraction levels.

5. Integration & system verification: during last phase of the design flow,

it only remains the synthesis of the systems, and the compilation of
software components and libraries together with the application (or
benchmarks). Depending on the environment the hardware synthesis
and the software compilation can be done with multiple tool chains.
In this dissertation, we used Altera® and Xilinx® design flows, and
gcc-like or Java SW development tools.

Finally, the last phase, in most cases a laborious phase, is to per-
form an exhaustive full-system verification getting experimental re-
sults from our applications or benchmarks. This can be done by using
SystemC™ or JHDL®co-simulation frameworks, or using on-chip co-
debugging through embedded logic analyzers (such as SignalTap II
from Altera®, or Chipscope from Xilinx®). Initial verification of de-
signed hardware, IP cores and our NoC design have been done using
can be also performed by using ModelSim [47, 48] or GTKWave [49].

The author would like to stress that NoCs are a relatively recent hot topic
field on research, with roots dating to 2001, meaning that research opportu-
nities were (and still are) numerous.

This dissertation presents work jointly carried on by the author and by
several co-authors. Further, describing the complete framework in which
the author’s research was performed is helpful for a much better under-
standing of the goals and the achievements of this effort. Appropriate credit
to major co-authors will be provided across this dissertation. A list of the
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papers on which this work is based, complete with the names of all the co-
authors, is supplied in Appendix A on page 183.

This dissertation merely reflects the research choices done by the author
and his co-authors based on the information and analyses available to them
(which will be substantiated wherever possible across the present disserta-
tion), and based on time constraints.

1.4 Dissertation Outline

In Chapter 1 on page 1, we provide a brief introductions, and analysis of
the main design challenges to enable high-performance computing on NoC-
based MPSoC.

In Chapter 2 on page 19, we provide the state-of-the art in NoCs. This
analysis lead us to the necessity to have EDA tools because the NoC design
space is huge. In this chapter we show an overview of our rapid prototyping
and simulation experimental framework called xENoC [50] to design cus-
tom NoC-based systems, and our tool called NoCMaker [51] is presented in
detail. NoCMaker can be configured in many aspects, including topology,
amount of buffering, packet and flit width, and even flow control and ar-
bitration policies. This chapter specially deals with NoC simulation infras-
tructure and performance evaluation, in terms of throughput and latency,
but also its impact in the area resources and power consumption. However,
our framework can be also configured with many different core interfaces
to enable IP core reuse. Finally, this chapter shows the potential capabilities
of NoCMaker to create highly scalable parallel systems based on NoCs. It
presents the work we did to physically implement full-featured NoC-based
MPSoCs on FPGAs prototyping platforms using the Nios II soft core pro-
cessor.

The following two chapters describes specific extensions on ×pipes NoC
library [52,53] to support key advanced features for non-homogeneous traf-
fic on NoC architectures.

Chapter 3 on page 57, is focused on the design and extension of ×pipes
Network Interfaces (NIs) to interact transparently in a heterogeneous sys-
tem with many IP cores compliant with different bus-based standards (i.e.
AMBA 2.0 [14] and OCP-IP [12]). It will lead to seamlessly accommoda-
tion of a variety of IP cores in the system. To understand the concepts, we
provide a brief discussion of OCP-IP and AMBA 2.0 protocols, but also its
implication and particularities when they are interfaced on NoC systems.

In Chapter 4 on page 85, we describe in detail the architectural changes
done on switches and NIs to provide QoS support at NoC-level. Basically,
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we introduce two levels of QoS: (i) differentiation traffic services by defining
a configurable priority levels scheme to obtain soft QoS guarantees, and (ii)
a circuit switching scheme (based on channel reservation/release) on top of
a wormhole packet switching NoC to deal with hard real-time QoS traffic.
According to each QoS level, low-level and middleware API software rou-
tines are provided to control the QoS present at NoC-level from the appli-
cation at runtime. To make this work understandable, this chapter explains
the general concepts about QoS, and the related work on NoC systems. All
HW-SW components will be integrated in MPARM [54], a SystemC-based
cycle accurate simulator of NoC-based MPSoC using ×pipes in order to ver-
ify and test a complete system. Results in terms of area overhead and la-
tency are presented under synthetic and real application workloads.

In Chapter 5 on page 107, we show a full-featured HW-SW design of a
Floating Point Unit (FPU) on a NoC-based MPSoC based on ARM Cortex-
M1. This work presents a complete HW-SW design on how to imple-
ment floating point instructions in a transparent way from/to a decoupled
memory-mapped FPU coprocessor (as a bus-based element or NoC tile)
without doing changes on the ARM compiler. This chapter also analyses the
HW-SW synchronization and communication schemes, as well as the pos-
sibility to share the FPU between different ARM Cortex-M1s. Quantitative
results are reported in terms of area and performance, as well as speedups
against software floating point libraries, in different scenarios.

In Chapter 6 on page 133, we explore how to map parallel programming
models, specially based on MPI on top of NoC-based MPSoCs architectures.
This chapter shows and special features at architectural level in order to ob-
tain an efficient inter-processor communication though message passing.
However, in this chapter, we also explore on how to integrate our QoS fea-
tures presented in Chapter 4 on page 85, on top of an OpenMP runtime
library or at application level. Profiling results and speedups are reported
by executing benchmarks and application on different platforms using both
parallel programming models.
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CHAPTER 2

Experimental Framework for
EDA/CAD of NoC-based Systems

This chapter1 describes in detail the huge design space present at the mo-
ment of design NoCs and its implications. Next, this chapter lists the state of
the art on well-know NoC-based communication centric EDA tools. Finally,
our experimental environment for automatic NoC design is presented. This
framework is based on two tools, NoCWizard and its evolution, NoCMaker,
a cross-platform open-source EDA tool to design space exploration of NoC
systems. Part of this dissertation relies on these architectural designing en-
vironments.

2.1 Networks-on-Chip: Preliminary Concepts

This section covers basic concepts of NoC architectures that have not been
discourse yet. First, a component based view will be presented, introducing
the basic building blocks of a general NoC-based system. Then, we describe
in detail all important points of the huge NoC design space, and we shall
look at system level architectural issues relevant to design parallel NoC-
based MPSoC architectures. After this, a layered abstraction view will be
presented according to particular network models, in particular OSI, and its
adaptation for NoCs. Next, we will go into further details on specific NoC
research and EDA tools in Section 2.3 on page 35, doing a review of state of
the art. After, we will introduce our experimental NoC design framework

1The author will like to acknowledge the contributions of David Castells, Sergio Risueño
and Eduard Fernandez on NoCMaker tool, as well as Oriol Font-Bach on NoCWizard on
xENoC framework.
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listing and describing all included features to evaluate, simulate, debug and
validate multiple NoC-based MPSoCs architectures. Results will be shown
by generating multiple parallel Nios II NoC-based MPSoC architectures, by
applying different architectures and NoC switching modes.

2.1.1 NoC Paradigm - General Overview

Figure 2.1 on the facing page shows a general overview of a NoC-based
system. Instead of busses or dedicated point-to-point links, a more flexible,
segmented and scalable NoC backbone is built. Basically a NoC is a ”sea”
of switches which interconnect ”tiles” along the chip using ”short” point-to-
point communication links. Thus, a NoC-based system is built using only
three basic components:

• Network Interface (NI): there are too many ways to call this network
interface in NoC literature. It can be called as Network Adapter (NA),
Resource Network Interface (RNI) or Network Interface Controller
(NIC), but in the essence are the same component. NIs implements the
interface between each computation or memory node and the commu-
nication infrastructure. Thus, their function is to decouple computa-
tion (i.e. processing elements tiles with IP cores) from communica-
tion (switches) by adapting the potential multiple clock domains on
the system (i.e. in GALS, mesochronous, etc). This element is also in
charge to adapt bus-based protocols (i.e. AMBA, AXI, OCP-IP) and
generate network packets in transparent way from the point of view
of the user.

• Switch nodes: also called routers, are in charge to forward data accord-
ing to particular switching communication technique (see Section 2.1.4
on page 26). On the switches is also implemented the routing protocol
(see Section 2.1.3 on page 24 for further details) and the buffer capa-
bilities (see Section 2.1.5 on page 28). These parameters characterize
the final NoC system, in terms of area costs, power consumption and
performance (i.e. bandwidth, latency).

• Links: are dedicated point-to-point connections that provide the com-
munication between each pair of components. This links in a physical
implementation represents one or more logical channels of wires.

Another important point is that, at hardware level, the presented NoC
in Figure 2.1 on the facing page can be implemented using asynchronous
(GALS) [55], fully synchronous [52, 53] or mesochronous [56, 57] logic.
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Figure 2.1: Logical view of a NoC-based system
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Figure 2.2: Classification of NoC design choices (from [58])

As it will show next, NoC design space is huge. Some communica-
tion NoC architectures decisions are plotted in Figure 2.2. Thus, topology,
channel width, buffer sizing, floorplan/wiring, routing algorithms, switch-
ing forwarding techniques and application IP core mapping are application
(and traffic) dependent are open problems that designers must select accu-
rately when implementing a NoC architecture for a given domain.

2.1.2 Topologies

Since the emerging NoC architectures have been proposed to replace bus-
based approach for large SoC designs, many on-chip network architectures
have been designed adopting many topologies previously used in parallel
multi-processor systems, but applying important constraints inherent to the
limitation imposed in on-chip environments (e.g. limited buffer resources,
power usage, flow control, routing schemes,...).
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A large body of research works exist in synthesizing and generating bus-
based systems [59]. While some of the design issues in the NoCs are similar
to bus based systems (such as link width sizing), a large number of issues
such as finding the number of required switches, sizing the switches, find-
ing routes for packets, etc. are new in NoCs. Another important design
point in the moment of design NoCs is the selection of the topology [60,61].

Hence, the topology has effect on all NoC parameters, such as, net-
work latency, performance, area, power consumption [62]. In [63] explains
the topology effects of floorplan routability of different topologies on FP-
GAs/ASIC. Furthermore, the topology selection is also very significant in
the moment of mapping the IP cores and the tasks along the network [64].
Hence, it is appropriate that these tiles/tasks will be as much closely as pos-
sible in order to collaborate effortlessly.

Figure 2.3 on the facing page shows a large representative subset of typ-
ical topologies used in NoCs. Generally all this subset of topologies may be
classified using two different ways. These criterions are the followings:

• Regular or Irregular (or application specific).

• 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 sub-
set of nodes not connected to any core. In that case, these nodes only per-
form forwarding/relaying operations (e.g. Figures 2.3(d), 2.3(h), 2.3(i) on
page 23).

Early works on NoC topology design assume that using regular topolo-
gies (e.g. Figures 2.3(a), 2.3(b), 2.3(c), and 2.3(e) on page 23) like in tradi-
tional macro-networks, we can predict the performance, power consump-
tion, area occupation and they have a predictable layout/floorplanning
which helps the place and route [60,65]. However, this is only useful for ho-
mogeneous MPSoCs, but they are not suitable for application specific het-
erogeneous NoC-based MPSoCs, where each core has different size, func-
tionality and communication requirements. Thus, standard topologies can
have a structure that poorly matches application traffic, so the NoC system
will be oversized in terms of power consumption and area costs.

In fact, until now many early existing MPSoCs (like Philips Nexpe-
ria [21], ST Nomadik [24], or TI OMAP [23]) shown in Table 1.2 on page 8 are
designed statically or semi-static by mapping task to processors and hard-
ware cores. Furthermore, to achieve more complex interconnection schemes
as in traditional networks, a combination like Ring-Mesh [66], or another
configuration can be used.
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fly

Figure 2.3: Representative subset of NoC topologies

Unfortunately, NoCs do not have a perfect geometry of regular grids or
trees because of the inherent heterogeneity. Figure 2.4 on the following page
shows a classification of those NoC systems categorized by homogeneity (X
axes) and granularity (Y axes).

There is consensus that, for generic homogeneous or static multi-
processing, regular topologies are suitable enough, and they can be a so-
lution. Nevertheless, custom NoC topologies [61, 68–70], which satisfies
the requirements of the emerging heterogeneous MPSoC systems should
be provided as an efficient alternative solution for application-specific of
NoC-based MPSoCs.

Depending on the computational nodes and its functionality, NoCs can
have different granularity (as we shown in Figure 2.4 on the next page),
and therefore, can be coarse or fine grain. For example, if each tile is inte-
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fine grained

coarse grained

homogeneousheterogeneous

Figure 2.4: Classification of NoC systems (granularity vs. homogeneity)
(from [67])

grated by a whole bus-based architecture with several CPUs, DSPs, or huge
VLIWs, we can talk about coarse grain systems, whereas, when every tile
is composed by relatively simple specific functions blocks, such as ALUs,
FFTs, accelerators, then it became a fine grain NoC-based system.

2.1.3 Routing Protocol and Deadlock Freedom

After explaining the topology issues and NoC components, this section in-
troduces the routing schemes supported by this topologies. The routing pro-
tocol concerns the ”intelligent” strategy of moving data through the NoC
using a determined switching technique (see Section 2.1.4 on page 26). The
routing protocol is an important design space point because it has a strong
influence in many issues, such as, the packet delivery latency under conges-
tion, the power consumption, etc. Hence, the routing establishes a trade-off
between network performance, power consumption and also area occupa-
tion. As a consequence, the selection of the right routing algorithm is cru-
cial.

• Deterministic: in a deterministic routing strategy, the path is deter-
mined by its source and destinations address (e.g. XY-YX [71, 72]).

• Adaptive or partially adaptive: the routing path is decided on a per-

hop basis, and involves dynamic arbitration mechanisms (e.g. based
on local link congestion or a general traffic policy). Examples of
adaptive routing are Odd-even [73], West-first, North-last, Negative-
first [71] or Dyad [74]).

24 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



2.1. Networks-on-Chip: Preliminary Concepts 25

Thus, an adaptive routing offers better benefits against deterministic
routing (e.g. dynamical traffic balancing) but is more complex in its im-
plementation. This is because using an adaptive routing may occur a dead-
lock or livelock. A deadlock is defined as a cyclic dependency among nodes
requiring access to a set of resources, so that no forward progress can be
made, no matter what sequence of events happens. Livelock refers to pack-
ets circulating the network without ever making any progress towards their
destination (e.g. during non-minimal adaptive routing).

Two classes of deadlocks can occur in transactional NoCs: routing-
dependent deadlocks and message-dependent deadlocks [72,75]. To avoid mal-
functions both types of deadlocks must be solved properly.

Methods to avoid routing-dependent deadlocks or livelock can be ap-
plied either locally, at the nodes with support from service primitives, for
instance implemented in hardware, or globally at NoC level. It is possi-
ble to implement a deadlock-free routing algorithms in Mesh topology if at
least two turns are forbidden [71, 76] (dotted lines in Figure 2.5(b)), as well
as irregular Meshes [77, 78]. This is sufficient to avoid routing-dependent
deadlocks on regular topologies. However, in [68] and [79] are presented
techniques to ensure deadlock-free on application-specific or custom NoC
topologies. In [80, 81] is reported a theory to avoid deadlocks in wormhole
networks (see Section 2.1.4 on the following page), whereas in [82] a similar
approach is described on a fault-tolerant scenario.

(a) All possible turns in a 2D
Mesh

(b) Limited turn model in
2D Mesh

Figure 2.5: Turn model for deadlock-free adaptive routing

On the other hand, message-dependent deadlocks occur when interac-
tions and dependencies appear between different message types at network
endpoints, when they share resources in the network. Even when the un-
derlying network is designed to be free from routing-dependent deadlocks,
message-level deadlocks can block the network indefinitely. In [72, 75] is
presented how to solve this problem in traditional multi-processor network,
whereas in [83, 84] an approach for application-specific SoCs is reported.
In [83, 85] is described how to solve message-dependent deadlocks on SoC
by quantifying its overhead in the overall system. The common technique
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to avoid message-dependent deadlock is to ensure the logical (e.g. using
virtual channels) or physical (i.e. using a doubled network) separation of
the network for different message types when the end-to-end control mech-
anism is applied. This guaranteed that different message types (e.g. request
messages or response messages) do not share the same resources between
to endpoints.
The routing can be also categorized as:

• Minimal vs non-minimal routing: a routing algorithm is minimal if it

always chooses among shortest paths toward the destination other-
wise it is non-minimal. Minimal routing (e.g. XY-YX) is freedom of
deadlock and livelock and deliver the packet with low latency and
low energy consumption, however, are less flexible when a switch is
congested. On the other side, a non-minimal routing offers great flex-
ibility in terms of possible paths when congestion occurs but can lead
to livelock situations and increase the latency to deliver the packet.

• Source vs distributed routing: in source routing the whole path is de-

cided at source switch. In distributed routing, most common for seg-
mented interconnection networks, the routing decisions are made lo-
cally in each routing node.

2.1.4 Switching Communication Techniques

From the point of view of hop-to-hop communication, NoCs adopt the
switching techniques used in the past in traditional multiprocessor net-
works but applying the inherent constraints related to the on-chip scenario.
The switching mode together with the routing algorithm are the main im-
portant issues to obtain certain NoC requirements. It determines a trade-off
between implementation complexity (typically area costs and power con-
sumption) and the overall network performance.
The commonly switching modes strategies used in NoCs are presented be-
low:

• Circuit switching: involves the circuit creation from source to desti-

nation being setup and reserved until the transport of data is com-
plete. Circuit switching can ensure a number of constant bit rate and
constant delay connections between the nodes because of their exclu-
sive use of the resources for the duration of the communication. In
other words, circuit-switched NoCs [86] provides inherent QoS guar-
antees [87–89] and minimum buffering.
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• Packet switching: forwards data to next hop by using the routing in-

formation contained in the packet. In each switch the packets are
queued or buffered, resulting in variable delay depending on con-
gestion, routing algorithm, switch arbitration, etc. Packet switching
networks [13, 90] are normally used to best-effort traffic. The amount
of buffering depends on the packet switching technique, and they are
used to increase the performance delaying the congestion.

Other communication-based classification is related about the connec-
tion of the components. Basically there are two mechanisms, a connection-
oriented [91] or connection-less [92]. The first one involves a dedicated logical
connection path being established prior to data transport. The connection is
then terminated upon completion of the communication. In connection-less
mechanisms the communication occurs in a dynamic manner, with no prior
arrangement between sender and the receiver. Thus, circuit switched com-
munications are always connection-oriented, whereas packet switched may
be either, connection-oriented or connection-less.

Another important design point in packet switched NoCs is the switch-
ing technique (see Figure 2.6 on the next page). The most common are store-
and-forward, virtual cut-through and wormhole [72] and are explained be-
low:

• Store-and-forward: is a packet switched protocol in which each switch
stores the complete packet, and forwards it based on the information
within its header. Thus the packet may stall if the switch in the for-
warding path does not have sufficient buffer space.

• Virtual cut-through: is a forwarding technique similar to wormhole,

but before forwarding the first flit of the packet, the switch waits for a
guarantee that, the next switch in the path will accept the entire packet.
Thus, if the packet stalls, it aggregates in the current switch without
blocking any links.

• Wormhole: this packet switching communication scheme combines
packet switching with the data streaming quality of circuit switch-
ing, to attain minimal packet latency/delay. In wormhole switching,
each packet is further segmented into flits. The header flit reserves
the switch channel of each switch on the path, then the body flits
will follow the reserved channel like a ”worm”, and finally, the tail
flit release the reservation of the channel. One major advantage of
wormhole routing is that it does not require the complete packet to
be stored in the switch while it is waiting for the header flit to route
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to the next stages. Wormhole switching not only reduces the store-
and-forward delay at each switch, but it also requires much less buffer
space. The drawback is that one packet may occupy several interme-
diate switches at the same time.

In consequence, the amount of buffering resources in the network de-
pends on the implemented switching technique. In Table 2.1 on the facing
page is presented a summary of the latency penalty and buffering cost in
each switch for every packet switching techniques.
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Figure 2.6: Packet transmission using different switching techniques
(from [93])

2.1.5 Buffering and Virtual Channels

As we can see in Table 2.1 on the next page, buffers are necessary on the
switches to store flits or packets specially in packet switched NoCs. Buffers
contribute on the main part of area usage of the switch, therefore, it is to try
to reduce as much as possible the amount of buffering area without losing
performance requirements [94] at the moment of design the switches.
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Protocol Per switch cost Stalling
Latency Buffering

Store-and-forward packet packet At two nodes between the link
Virtual Cut-through header header At the local node
Wormhole header flit At all nodes spanned by the packet

Table 2.1: Buffering costs (in terms of buffering, latency, and stalling) for
different packet switching protocols (from [67])

There are two main aspects related to the buffering capabilities:

• Their size: the width and depth defines how many words are able to
allocate on the switch.

• Their location within the switch: in the argument of input vs. output
buffers, for equal performance the queue length in a system with out-
put port buffering is always found to be shorter than the queue length
in an equivalent system with input port buffering [88]. This is so, since
in a routing node with input buffers; a packet is blocked if it is queued
behind a packet whose output port is busy (head-of-the-lineblocking).

Another important issue that is necessary to remark is that, increasing
the buffer size is not a solution towards avoiding congestion [95]. At best,
it delays the beginning of congestion, since the throughput is not increased.
Moreover, if the increment of performance is marginal in relation to the
power and area overhead, then the selected buffer scheme is useless.

On the other hand, buffers are useful to absorb bursty traffic, thus lev-
elling the bursts. In [96] is proposed a customization of buffer space allo-
cation for an application-specific design, nevertheless a general optimized
approach is much more flexible, and can fit more applications. In addition,
combined with [96], in [97] it is described how important are traffic charac-
teristics generated by the application in order to build a better space alloca-
tion. In [97] is concluded that, depending the physical platform resources,
it is important to choose registers or dedicated memory to implement the
queuing buffers.

In [88] input queuing and output queuing are combined for achieving
virtual output queuing. This solution is moderate in costs (N2 buffer, where
N is the number of inputs) and power efficiency, but achieves high perfor-
mance from output queuing. The decision to select traditional input queu-
ing or virtual output queuing depends on system-level aspects like topol-
ogy, network utilization and global wiring cost. In addition, another signif-
icant issue is to choose a centralized buffer pool shared between multiple
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input and output ports or distributed dedicated FIFOs. Generally, we as-
sume that centralized buffer implementations are found to be expensive in
area due to overhead in control implementation, and become bottlenecks
during periods of congestion.

Another way to improve NoCs, combined with buffering in packet
switching forwarding techniques is to multiplex a physical channel by
means of virtual channels.

Virtual channels reduce latency (improving the throughput), avoid dead-
locks, optimize wiring utilization (reducing leakage power and congestion),
increase network performance (minimizing the frequency of stalls), and
moreover, the insertion of virtual channels also enables to implement poli-
cies for allocating the physical channel bandwidth, which enables to sup-
port QoS in applications (e.g. differentiated services).

In [98, 99] a virtual channel switch architecture for NoC is presented,
which optimizes routing latency by hiding control overheads, in a single
cycle implementation. In contrast, the use of virtual channels increases dra-
matically the area and power consumption in each switch.

2.1.6 Flow Control Protocols

Finally, it is also important to implement an efficient synchronization/flow
control scheme between each network resource component, i.e. switches
and network interfaces. Moreover, the synchronization must follow a com-
patible GALS scheme in order to create isolated synchronous regions, i.e.
tiles, and global asynchronous communication.

• Credit-based: using a credit based technique, the network components
keep counters for the available buffer space. When receiving a flit, the
counter is decremented, and when a flit is transmitted the counter is
incremented. If the counter reaches zero, the buffer is full and the
switch accepts no further flits until buffer space becomes available
again. A simply way to do this without counters is to check the status
signals (empty or full) from buffering resources [94, 99].

• Handshake: in the handshake flow control, the upstream switch sends
flits whenever they become available. If the downstream switch has
available buffer space, it accepts the flit and sends an acknowledgment
(ACK) to the upstream switch. Otherwise, the downstream switch has
two options, drops/stall the flits and send a negative acknowledge-
ment (NACK) delaying the flit until its retransmission [55, 99, 100].
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There are two types of handshake:

– 2-phase: it is simple, efficient and high-throughput, but ambigu-
ous.

– 4-phase: it is more complex to implement but is not ambiguous.

Despite the use of this flow control or synchronization schemes between
network components, it is possible that congestion occurs due to the lack of
infinity buffering capabilities, or congestion in circuit switching path.

In order to solve this unwanted effect, we can perform two mechanisms,
delay or loss the packet. In delay model, packets are never dropped, this
means that the worst that can happen is the data being delayed. On the
other side, in loss model, when a congestion occurs we can drop the packet,
and after retransmit it. The loss model introduces an overhead in the state
of the transmission, successful or failed, and must somehow be communi-
cated back to the source. Despite this fact, there are some pros involved in
dropping packets, such as its resolving the contention in the network.

According to Dally [72], the hand-shake flow control is less efficient than
the credit based flow control, because flits remain stored in the buffers for
an additional time, waiting for an acknowledgment. However, if we use a
circuit switching forwarding technique, both flow control schemes are effi-
cient due to the inexistent buffering capabilities of this switching technique.
In addition, as it is reported in [100], a handshake protocol is simpler and
cheaper than a general credit-based flow control scheme, and can be im-
plemented effortlessly on a GALS scheme. However, a particular case of
credit-based, called stall-and-go, is cheaper than but the main drawback is
that does not offer fault tolerance.

2.1.7 Micro-network Protocol Stack for NoCs

Next, a layered abstraction view of NoC systems is presented, looking at
the network abstraction models. In particular, in [39, 101–104] the use of
the micro-network stack is proposed for NoC-based systems based on the
well-know ISO/OSI model [105]. This standardisation allows to abstract the
electrical, logic, and functional properties of the interconnection scheme, up
to system level application. The network is the abstraction of the commu-
nication among components. It must satisfy QoS requirements (e.g. reli-
ability, performance, latency, and energy bounds) under the limitation of
intrinsically unreliable signal transmission and significant communication
delays on wires, and therefore it is important to define a robust NoC stack.
Moreover, on NoC paradigm, the layers are generally more closely bound
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than in a macro network. These issues often arise concerning a physically
related flavour, even at the higher abstraction levels. Furthermore, NoCs
differ from wide area networks in their local proximity and because they
exhibit less non-determinism.

As shown in Figure 2.7 on the facing page the micro-network stack is
divided in five generic layers which are explained below:

• The physical layer determines the number and length of wires connect-
ing resources and switches. Ensures reliable (lossless, fault-free) com-
munication over a data link. It considers crosstalk and fault-tolerance
(both transient soft errors and hard errors). This layer is technology
dependent and is implemented fully in hardware.

• The data-link layer defines the protocol to transmit a flit between the
network components, i.e. between resource to switch and switch to
switch). Data link layer is technology dependent. Thus, for each new
technology new generation these two layers are defined.

• The network layer defines how a packet is delivered over the network
from an arbitrary sender to an arbitrary receiver directed by the re-
ceiver’s network address. More specifically, routing, congestion con-
trol, and scheduling over multiple links. This layer can also include
network management, such as accounting, monitoring, and so on. It
is technology dependent and designed in hardware.

• The transport layer is partially technology independent. The transport
layer message size can be variable. The NI interface has to pack trans-
port layer messages into network layer packets. This abstraction layer
hides the topology of the network, and the implementation of the
links that make up the network from the IP core protocol. This layer
should provide end-to-end services over connections, through pack-
etisation/unpacketisation, (de)multiplexing multiple transport con-
nections over the network, in-order delivery, and so on. This services
must offer uncorrupted and lossless transmission, and at the same
time guarantee a certain throughput, jitter, and latency.

• The system and application layer is technology independent. At this level
most of the network implementation details must be transparent to the
end user. The application layer is in charge to host the application and
SW APIs or run-time libraries which interact to the HW platform (e.g.
middleware routines, OS, application concurrency and parallel com-
puting APIs, high-level parallel programming models). Depending on
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the implementation within this application layer is possible to define
the session and presentation layers in order to be fully compatible with
OSI. The session layer can be defined to combine multiple connections
into high-level services, such as multicast, half duplex or full-duplex
connections, but also to achieve a synchronization of multiple connec-
tions or the management for mutual exclusion and atomic transactions
(e.g. test and set, swap). A common session protocol is synchronous
messaging, which requires that the sending and receiving components
rendezvous as the message is passed. The state maintained by the
protocol is a semaphore that indicates when both the sender and the
receiver have entered the rendezvous. Many embedded system appli-
cations utilize this sort of functionality to synchronize system compo-
nents that are running in parallel. On the other hand, the presentation
layer adapts the application data to the transport layer and vice versa
(e.g. compression, encryption, endianness conversion, etc).

Software

Architecture

and control

Physical

application

system

transport

network

data link

wiring

Network 

Adapter

Source

Core

Source

Node

Network 

Adapter

Destination

Core

Destination

Node

Inter-

mediate 

Node

Application/

Presentation /

Session/

Transport

Network

Link/Data

messages/transactions

packets/streams

link link

flits

Figure 2.7: Micro-network stack for NoC-based system (from [39, 67])

Using the presented abstract layered micro-network stack let us to pro-
vide a layered view of the whole systems grouping hardware and software
components in a vertical approach. Therefore, thanks to this layered view
is easy to provide high-level end-to-end services over connections, such as
QoS requirements (see Chapter 4 on page 85), and also to achieve traffic
heterogeneity in a transparent way from the point of view of the software
execution (see Chapter 3 on page 57). Moreover, using this protocol stack
for NoC-based systems enable the development of many different architec-
tures, for instance, a virtual shared memory, or message passing architec-
ture. These architectures together with its associated programming model
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and APIs libraries will help SW developers to program concurrent or paral-
lel data and computation intensive applications (see Chapter 6 on page 133).
This layered approach separate optimizations of transactions from the phys-
ical layers. Thus, it is possible to simulate complex applications on a very
high abstraction level, which only captures traffic events among an arbitrary
number of components.

2.2 Motivation and Key Challenges

The design of future homogeneous and specially heterogeneous MPSoCs [6,
7,26,106,107] introduces many difficult problems, being the design of the in-
terconnection, one of the most challenging ones. As the complexity of these
systems grows, the design efforts are less focused on the computation and
increasingly on the communication side. The outcome is a shifting towards
a communication-centric designs which nowadays are focus on NoCs.

Because the design space existing on NoC paradigm is huge and the
potential applications targeted to NoC-based systems will request different
solutions, it is mandatory to provide EDA tools to design effortlessly and
automatically a great variety of NoC-based systems. Thanks to EDA tools,
we can create NoC architectures which many arbitrarily IP cores and generic
or custom optimal requirements according to the application. The critical
points that EDA tools must face are:

• The integration costs of the existing IP cores of many different proto-
cols must be easy (i.e. plug&play composability).

• The tool must offer results of communication and traffic patterns,
identification of bottlenecks, in order to quantify the performance and
to balance the workload in terms of bandwidth between critical points.

• The design must be low latency within and between components (i.e.
NIs and switches).

• The implementation costs must be optimal in terms of area and power
consumption.

• QoS must be delivered depending on the user requirements.

• Easy capture and tuning optimization of different NoC configuration
through a Graphical User Interface (GUI).

• Easy verification, simulation of the system using an automatic gener-
ated NoC self synthetic traffic.
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• Power RTL code generation (i.e. VHDL or Verilog), generating pre-
synthesis early area and power estimation.

• Generate a complete framework to simulate and verify hardware com-
ponents together with SW components and APIs before its synthesis.

• Generate reports of main important system metrics (i.e. latency, on-
the-fly packets, send/receive packets, etc).

As a starting point to create EDA or design space exploration tools we
can take previous bus-based works as reported in [108] and integration
tools, such as AMBA Designer [109]. However, on the on-chip network sce-
nario many important features must be taken into account to model, verify
and analyze the communication infrastructure. As a consequence, to face
all challenges presented along this chapter, next we present the state of the
art, and our contribution on EDA tools to design NoC-based systems.

2.3 Related work on NoC Design and EDA Tools

Once NoC concepts and its paradigm are well-established, in the last years,
some efforts of many research groups, as well as companies [110–113] de-
rived to the development of EDA tools to specify, generate, simulate, verify
and evaluate NoC-based systems. Figure 2.8 on the following page shows
the most relevant academic works (a exhaustive review of the state of the
art is reported in [114]) on NoCs and/or EDA tools developed and dis-
tinguished by its granularity (i.e. at what level the NoC components are
described) and parametrizability (i.e how easy is to change at instantiation
time system-level NoC characteristics).

Some early approaches based on general purpose network simulators
to evaluate NoC-based systems have been done using OPNET [115, 116] or
NS-2 [117, 118]. These frameworks are useful to obtain performance met-
rics, but they could not be used to estimate the area and power consump-
tion. To get this kind of information is necessary to create and automatic
EDA framework, and use the HDL descriptions of the network elements.
As a consequence, recently a large body of specific NoC frameworks have
been reported in the last years (e.g. SPIN [13], Chain [119], SoCBUs [120],
Proteo [90], NoCGEN [121], Nostrum [101] Hermes [122] and MAIA [123],
Æthereal [86], MANGO [67], ×pipes [52, 53, 124] and SUNMAP [61]. Some
of these frameworks, such as NoCGEN, MAIN, Proteo, MAIA, use a set
of parametric template-based tool to generate NoC architectures at RTL.
In ×pipes a NoC generator called ×pipescompiler [69] is able to generate
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Figure 2.8: State of the art of academic EDA NoC Tools (adapted from [67])

models at Verilog or at SystemC™ RTL level as well as to simulate traffic
inside the on-chip network. RTL design level is convenient for NoC synthe-
sis and power consumption evaluation but is slow to simulate. Therefore,
higher levels of abstraction models based on SystemC™ TLM can be used
to achieve faster simulations times, whereas RTL is mandatory to extract
area and performance metrics. Several approaches are presented in [125]
for bus-based, as well as for NoCs, in [55, 126, 127].

Other initiatives focus on QoS features named as QNoC is reported
in [87], whereas a completely asynchronous NoC (aNoC) is modeled using
SystemC™ in [55].

2.4 xENoC environment - NoCMaker

Our contribution to the related work is our experimental Network-on-Chip
environment, i.e. xENoC [50], to design NoC-based MPSoCs. The core of
this framework is NOCMAKER, a cross-platform open-source EDA tool to
design space exploration of NoC-based systems. In Figure 2.9 on the next
page, it is summarized a general overview of the degrees of freedom and
the exploration space related to NoC paradigm. Of course, depending on
the design effort and the required flexibility, we can obtain different design
quality.
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Our xENoC framework and NoCMaker shares and extends some previ-
ous features shown in the related work presented in Section 2.3 on page 35.
It shares the capability of ×pipes and SUNMAP to generate different topolo-
gies, and it is inspired in NoCGEN’s parametrizability features to customize
and select different NoC parameters (e.g. FIFO depth size, packet size, etc).
In addition, NoCMaker is able to create automatically NIs as in MAIA, and
it is capable to choose different tile mappings, and different routing and
switching schemes (e.g. packet switching and circuit switching), special fea-
tures which are not present together in any previous work.

The framework also provide the easy generation of synthetic traffic pat-
terns, as well as the execution of real parallel applications using a parallel
programming model based on MPI, i.e. j2eMPI [129] (see Section 6.5 on
page 146).

2.4.1 Design Flow of NoCMaker

NoCMaker is based on Java technology, this tool let the hardware design-
ers to create cycle accurate designs of different types of NoCs architectures.
Unfortunately there are too many interrelated variables that determine a
specific NoC performance: traffic distribution, network topology, switching
scheme, flow control, routing algorithm, channel properties, FIFO depth,
packet/flit size, etc. Thus, the NoC design space can be viewed as a mul-
tidimensional space. In some of the dimensions, only few discrete values
are permitted, whereas in other dimensions infinite possible values can be
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assigned.

Since NoCMaker is developed in Java, we define a Java class to represent
a specific NoC design space point (NDSP). Obviously, a NDSP is a combi-
nation of different NoC parameters that identify a specific point inside all
possibilities of the huge design space. As shown in Listing 2.1, the input of
this class is a XML file that describes the NDSP. Instead of defining a DTD
and create a conformant parser, we use an XML serialization process for
much simpler solution in order to get the NDSP data. NoCMaker uses this
information to automatically build NoC architectures according the selected
NDSP.

Listing 2.1: XML example of a NDSP in NoCMaker
<org.cephis.nocmaker.model.NoCDesignSpacePoint>

<outputChannelArbitration>FIXED_CLOCKWISE</outputChannelArbitration>
<topology>MESH</topology>
<queueingType>INPUT</queueingType>
<removeInputLocalQueue>false</removeInputLocalQueue>
<removeOutputLocalQueue>false</removeOutputLocalQueue>
<queueLength>2</queueLength>
<switchingMode>WORMHOLE_SWITCHING</switchingMode>
<routingDecision>DISTRIBUTED</routingDecision>
<routingAlgorithm>XY</routingAlgorithm>
<flowControlMethod>FOUR_PHASE_HANDSHAKE</flowControlMethod>
<clocking>GLOBAL_CLOCK</clocking>
<trafficPattern>J2EMPI_PICOMPUTING</trafficPattern>
<busType>AVALON</busType>
<processorType>NIOS2</processorType>
<packetSourceAddressBits>8</packetSourceAddressBits>
<packetDestinationAddressBits>8</packetDestinationAddressBits>
<packetMinPayloadBits>48</packetMinPayloadBits>
<packetMaxPayloadBits>304</packetMaxPayloadBits>
<channelWidth>32</channelWidth>
<injectionRatio>0.0</injectionRatio>
<injectedBytes>0</injectedBytes>
<dyadRouting>false</dyadRouting>
<meshWidth>4</meshWidth>
<meshHeight>4</meshHeight>
<masterNodes>0</masterNodes>
<slaveNodes>0</slaveNodes>
<emulationSupport>NO_EMULATION</emulationSupport>

</org.cephis.nocmaker.model.NoCDesignSpacePoint>

As shown in Figure 2.10 on the facing page, once NoCMaker parse the
input XML specification, logic builder assembles and interconnect instances
of different objects according to the selected NDSP in order to create a final
global object with the NoC-based model. A complete set of NoC elements,
which are in the repository, such as switches, processor models, traffic gen-
erators, different NIs, etc, are supplied to NoCMaker logic builder to gener-
ate a virtual prototype of the final NoC-based MPSoC.

Once the NoC model is created by NoCMaker, the hardware designer
can estimate the area by analyzing the circuit hierarchy. Furthermore, if
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Figure 2.10: NoCMaker design flow (synthesis and metrics extraction)

a traffic pattern, benchmark or high level application is simulated, NoC-
Maker will give you information about the performance (i.e. throughput
and latency), as well as the dynamic power and energy consumption.

Thus, NoCMaker can be used to NoC design space exploration. During
design space exploration multiple NDSPs will be created, and if the require-
ments are not fulfill, the above process will be repeated by changing XML
specification to design a new point. Sometimes we will be able to come up
with an optimal design that minimizes or maximizes our metrics, but quite
often we will face trade-offs.

Finally, as the result of the design space exploration process to select the
optimal architecture, NoCMaker has the possibility to generate a netlist ac-
cording to the NDSP. Although JHDL only includes an EDIF netlister, we
have developed a Verilog RTL netlister, so that the resulting implementa-
tion is more independent on technology (FPGA or ASIC). Several NoCs
generated by NoCMaker have been synthesized as the interconnection of
a MPSoC based on Nios II soft-core processor on Altera FPGAs, fulfilling
the need of a correct by construction prototyping approach.

Thus, NoCMaker is able to evaluate NoC performance doing simula-
tions, validate the system thanks to the rapid prototyping of multiple NoC-
based MPSoC architectures, and finally, is able to generate Verilog RTL code
that can be used to generate a real system prototype.

2.4.2 NoC modeling

The NoC modeling in NoCMaker is done either by specifying the XML pre-
sented before in Listing 2.1 or using a very intuitive step-by-step wizard
GUI, which let hardware designers to choose between different options at
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the moment of design the NoC-based MPSoC.

To model NoC-based systems, in this work we use JHDL [130, 131].
JHDL is a design environment that provides a Java API to describe hard-
ware circuits at RTL in a constructive way, as well as a collection of tools
and utilities for their simulation and hardware execution. JHDL provides
an integrated simulation environment, which provides several facilities for
exercising and viewing the state of the circuit during simulation. The sim-
ulator includes a hierarchical circuit browser with a tabular view of signals,
a schematic viewer that include values of signals, a waveform viewer, a
memory viewer and a command line interpreter. Moreover, the command
line interpreter can be extended with custom commands that interact with
NoC-based model. Thus, more complex hybrid testbenches can be devel-
oped dynamically.

There are some good reasons to use JHDL as a modeling language for NoCs:

• Circuits can dynamically change their interface using the addPort()
and removePort() methods. This unique feature allows to design
efficiently NoC components, specially in switches, that get rid of un-
used elements or ports before its synthesis.

• Block construction can be parametrize by complex arguments (like our
NDSP). This feature simplifies the context information needed by the
module creators and enables the design of generic traffic generators.

• Custom state viewers can be developed easily so that they provide a
much richer interpretation of the NoC-based system than waveforms.

• Simulation is interactive, and can be done step-by-step at cycle accu-
rate like in software debugging.

• It is cross-platform since uses Java Technology.

To define a design point in NoCMaker we follow the next steps:

(1) Selection of one of the topologies implemented in NoCMaker builder,
i.e. Mesh, Torus, Spidergon, or a model of a partial matrix fabric similar
to AMBA AHB ML [27] systems can also be selected (see Figure 2.11(a)
on the next page).

(2) Assign a deterministic or adaptive routing protocol (see Figure 2.11(b)
on the facing page) under Mesh or Torus topologies.
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(3) Selection of circuit switching2, or wormhole packet switching (see Fig-
ure 2.11(c)).

(4) As long as buffers are required, depending on the switching protocol,
the size and the position of them can be configured (see Figure 2.11(d)).

(5) As shown in Figure 2.11(e), the channel arbitration can be selected as
fixed priority, round-robin and weighted round-robin.

(6) Selection of the NoC flow control, mainly based on stall&go or 4-phase
handshake (see Figure 2.11(f)).

(a) Topology selection (b) Routing protocol (c) Switching technique

(d) Buffering options (e) Switch channel arbitra-
tion

(f) Flow control

Figure 2.11: Definition of a NoC design point in NoCMaker

Once the NoC backbone is modeled, several abstract processors or traf-
fic generators can be included, as well as simple NIs models compatible
with multiple standard protocols, such as FSL [132], AMBA AHB [14],
Avalon [19],...) to create a full-featured simulation NoC-based MPSoC.

2We develop a variant of the traditional circuit switching called Ephemeral Circuit
Switching [93], which is a bufferless extremely low cost scheme as is shown in Section 2.5
on page 52
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2.4.3 Metrics Extraction according to Design Space Points

In order to compare different NoC designs, we have to extract some metrics
from the simulated NDSPs tested by using the flow diagram shown in Fig-
ure 2.10 on page 39. To get accuracy, these metrics are extracted from the
NoC JHDL RTL model.

In NoC-based systems there are some values that must be extracted to
identify the efficiency of the final design:

• Overall system performance (mainly throughput and latency).

• Area usage (LUTs or gates).

• Power (mW) and energy consumption (mJ).

In NoC-based MPSoCs architectures are required high-performance, low
latency, energy efficiency and low area overhead. In NoCMaker, we try
to give an estimation of these metrics, but we are not wiling to create an
extremely accurate and efficient models to compute them. In fact, in de-
sign space exploration is not crucial that the estimations match exactly the
observed real ones, the main important issue is that the proportionality is
maintained. The target is just to give an overall approximation to be able to
distinct and evaluate NoC systems trade-offs.

Performance Metrics

At NoC level the performance mainly is calculated in terms of throughput
and latency. To compute this metrics we follow the definitions presented
in [133, 134].

The throughput is the maximum amount of information delivered per
time unit. It can also be defined as the maximum traffic accepted by the
network, where traffic, or accepted traffic is the amount of information de-
livered per time unit (bits/sec). Throughput could be measured in messages
per second or messages per clock cycle, depending on whether absolute or
relative timing is used.

In NoCMaker, the Total Throughput (TT) is computed as shown in Equa-
tion 2.1:

TT =
Transmitted bits

TotalT ime × Numcpus

(2.1)

where Transmitted bits can be the packet width, or if the packet is subdi-
vided in many flits, the flit width multiplied by the messages completed,
and Numcpus the number of processor on the NoC-based system.
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Latency is the time elapsed (see Equation 2.2) from when the message
transmission is initiated (TTX) until the message is received (TRX) at the des-
tination node. This general definition can be interpreted in many different
ways. If only the NoC is considered, latency is defined as time elapsed from
when the message header is injected into the network at the source node un-
til the last unit of information is received at the destination node. However,
when a software message layer is also being considered, latency is defined
as shown in Equation 2.3, as the time elapsed from when the system call to
send a message is initiated at the source node until the system call to receive
that message returns control to the user program at the destination node.

Li = TRX − TTX (2.2)

Lsw = sender overhead + transport latency + receiver overhead (2.3)

The latency of individual messages often is not important, especially
when the study is performed using synthetic workloads. In most cases, the
designer is interested in the average value of the latency (see Equation 2.4).
Often, the during the execution of parallel programs, the peak latency indi-
cates that some messages are blocked for long time, and it can be useful to
track it.

Lavg =

∑P

i=1
Li

P
(2.4)

In NoCMaker, we are computing the total throughput and the mean
NoC latency in the network using Equation 2.1 and 2.4. These values can
be computed by maintaining statistics of all the packets that go through the
NoC (called on-fly packets). Thus, when an initiator processor creates a
packet, it register its time stamp, and therefore, when the receiver proces-
sor unpack the packet its latency can be easily computed. In NoCMaker,
these time values are obtained form the global time, which in JHDL is easily
retrieved by using the method getTotalClockCount().

In terms of latency, NoCMaker offers statistics related to the overall net-
work or between point-to-point components. In Figure 2.12 on the next
page is shown a complete set of statistics between different sources and des-
tination nodes on the NoC system, displaying the mean latency, and mean
bandwidth, as well as the packets transmitted.

On the other side, within the interactive simulation window (see Fig-
ure 2.13 on the following page), NoCMaker shows the overall mean latency
and the total throughput, as well as the total task time (last reception).
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Figure 2.12: Point-to-point statistics and traffic analysis in NoCMaker

Total throughput and mean latency give a global view of the NoC perfor-
mance, but it is also interesting to have detailed information of each trans-
mission and reception at link level. This kind of information help us to
understand the load in different parts of the NoC enabling the potential de-
tection of hotspots and bottlenecks. A link load calculator is attached to each
NoC link so that the traffic traversing the link can be presented graphically
as shown in Figure 2.13.

IDLE

REQUEST

ACK

RELEASE

Figure 2.13: Interactive simulation window in NoCMaker

This approach has been previously applied in [135], but NoCMaker
shows this information during interactive simulations, which helps a bet-
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ter understanding of traffic dynamism on the NoC-based system.
In addition, Figure 2.13 on the facing page shows the four phases of the

handshake flow control. So, using the interactive simulation window, we
can track how packets and flits traverse NIs and switches on the NoC, how
the channels are established and release, and finally, we can detect potential
communication issues, such as deadlocks, livelocks, at network or at appli-
cation level. On the figure, the switch is drawn as a box with their respective
bidirectional ports. A line inside the box connecting an input and an output
is used to indicate that this route has been established. A color code is used
to inform about the state of each link according to the flow control (i.e. idle,
request, ack, release).

NoC Area Usage

Unlike performance analysis, area usage can be obtained without doing a
simulation. There are two main approaches to measure it. The first one is to
use hardware synthesis, but place and route tools are quite slow, especially
for very complex designs, whereas the second approach is based to synthe-
size some basic elements and infer the whole system area form the observed
values.

Even JHDL the programmer can use TLM modeling such as in Sys-
temC [136], JHDL encourages the use of the structural level at the mo-
ment of design a circuit but also can be use at high levels of abstraction.
In NoCMaker, designers normally instantiate very simple logic elements
like gates and registers to build then large blocks, which can be instantiated
and reused to build even larger blocks. The result is an hierarchy logic cir-
cuit whose has a concrete number of basic elements. Area usage is usually
counted in number of LUTs for FPGA, and number of gates for ASICs. Thus,
if a precise profiling of each basic element is done by assigning a fixed num-
ber of LUTs or gates on each basic element, the total area can be computed
by summing up this information along the hierarchy of the circuit.

This kind of measurement is quite simplistic and should not be used
to predict the real area occupancy of the final design because the synthe-
sis tools perform resource sharing and trimming of unnecessary logic, and
therefore, the area cost can overestimated. Moreover, FPGAs have different
architectures of LUTs (6-input, 4-input, etc.). Nevertheless, to be useful for
design space exploration, it is necessary that the early area estimations of
different designs are proportional to the area usage of their real synthesized
versions.

A comparison between the resource estimation and the real resource
needs of the different routers on Mesh NoC using ephemeral circuit switch-
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ing architectures is shown in Figure 2.14(a). The results have been normal-
ized to eliminate the effect of the disparity between the absolute value of the
estimated and synthesis results. Although resource estimations can be far
from real observed resource needs, they still maintain the same proportion
with a maximum worst case error of 15%.

(a) Predicted and real area usage (b) NoC area usage window in NoCMaker

Figure 2.14: Area usage window in NoCMaker

NoCMaker includes an area usage estimation window (see Fig-
ure 2.14(b)) which shows an hierarchical report of the area costs of NoC
elements, mainly NIs and routers, in terms of LUTs and equivalent gates.

Power and Energy Consumption

The calculation or estimation of energy consumption measurements is more
complex of the evaluation of the performance since many factors of the
underlying technology (90nm, 65nm, 40nm on ASIC or FPGAs) should be
taken into account. This metric is also more complex to compute than area
costs and performance metrics we basically need the whole NoC-based sys-
tem at RTL (like on the estimation for the area usage), the dynamic infor-
mation according the traffic patterns or application (like in the performance
analysis). Thus, simulation is needed to get the activity for each wires and
components of the NoC.

Several approaches have been done to calculate to forecast the energy
and power consumption: (i) a straight approach is to use the technology
provider power analysis tools using the NoC circuit and a set stimulus to
compute the activity of the wires as used in PIRATE [137], (ii) analyze parts
of the circuit and infer a cost function like in [134,138] or (iii) using a prede-
fined library like Orion [139, 140], INTACTE [141].
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In NoCMaker, we consider only the dynamic power (see Equation 2.5)
which is an important part of the power consumption, together with leak-
age and static. The dynamic power consumption can be computed by the
following expression presented in Equation 2.6 derived from the classical
Equation 2.5, which describes the power on a wire.

Pwire =
1

2
· α · Cwire · Vdd

2
· f (2.5)

PNoCdyn = Vdd
2
·

n∑

i=1

Ci · αi (2.6)

The load capacitance (Ci) is determined by the gate capacitance and
drain (Cg) of all nodes connected to each node, and the wiring capaci-
tance among them. The fan-out (Fi) is the number of connected nodes at
the output node i. For intra-switch wiring we make the assumption that
wire length is proportional to the fan-out, or in other words, that each
connected node is attached directly to its driving node via a non-shared
wire with capacitance Cw. Clock distribution makes a major contribu-
tion of the overall power and energy consumption, so clock wires have
different capacitance (Cclk). The capacity of inter-switch wires is deter-
mined by Clink. In NoCMaker, Cg, Cw, Cclk and Clink are parameters of
the design space. Fi is obtained by doing an analysis of the circuit struc-
ture hierarchy, whereas αi is found during the simulation thanks to the
wire.getTransitionCount() method. This simple approach can be
use to compare different NoC or even to create a power breakdown of the
system. The final formula to compute the load capacitance is described in
Equation 2.7.

Ci = Fi · (Cg + Cw) (2.7)

When flits or packets are transmitted/received on the NoC along mul-
tiple hops, both the inter-switch wires and the logic gates in the switches
and NIs toggle and this will result in energy dissipation. In NoCMaker,
we are concerned in the dynamic energy dissipation caused by the message
passing.

Consequently, we determine the energy dissipated by the flits in each
interconnect and switch hop. The energy per flit per hop is given by the
formula presented in Equation 2.8.

Ehop = Eswitch + Einterconnect (2.8)
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where Eswitch and Einterconnect depend on the total capacitance and signal
activity of the switch and each section of interconnect wire, respectively (see
Equations 2.10 and 2.9). The capacitance Cswitch and Cinterconnect have been
calculated in a similar way as presented before using Equation 2.7.

Eswitch = αswtich · Cswitch · Vdd
2 (2.9)

Einterconnect = αinterconnect · Cinterconnect · Vdd
2 (2.10)

If we enable the profiling option to compute the energy and power con-
sumption, NoCMaker pop-up a window with all statistics in a hierarchical
view.

Figure 2.15: Overall power usage window statistics in NoCMaker

2.4.4 Modeling Traffic Patterns and Benchmarks

Using the XML definition, NoCMaker generates a cycle accurate model of
whole system by attaching different processor models or traffic generators
on each tile of the NoC.

In NoCMaker, the workload model of traffic generators is basically de-
fined by three parameters: distribution of destinations, injection rate, and
message length. As shown in Figure 2.16(a) on page 50, we can tune these
parameters and defined different custom traffic patterns very easily through
a GUI or importing a *.csv stimulus file.

NoCMaker supports two types of executions models: infinite or finite
traffic patters. In infinite traffic patters the benchmark are executed un-
til the user can see the stability of the system. On finite, the task or the
traffic pattern itself is executed until its runtime completion. NoCMaker

48 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



2.4. xENoC environment - NoCMaker 49

includes some simple but representative finite time traffic patterns, from
synthetic workloads, broadcast, narrowcast, cache coherence write through
token pass protocols, and synchronization ones using barriers.

Moreover, specific temporal locality communication patterns between
pairs of nodes have been implemented to evaluate the performance of the
interconnection: universal, bit reversal, perfect shuffle, butterfly, matrix
transpose and complement. These communication patterns take into ac-
count the permutations that are usually performed in parallel numerical
algorithms. In these patterns, the destination node for the messages gen-
erated by a given node is always the same, and the utilization factor of all
the network links is not uniform. However, these distributions achieve the
maximum degree of temporal locality. These communication patterns ex-
tracted from [133] can be defined as follows:

• Universal: all nodes communicate with the all nodes.

• Bit reversal: The node with binary coordinates an−1, an−2, ..., a1, a0

communicates with the node a0, a1, ..., an−2, an−1.

• Perfect shuffle: The node with binary coordinates an−1, an−2, ..., a1, a0

communicates with the node an−2, an−3, ..., a0, an−1 (rotate left 1 bit).

• Butterfly: The node with binary coordinates an−1, an−2, ..., a1, a0 com-

municates with the node a0, an−2, ..., a1, an−1 (swap the most and least
significant bits).

• Matrix transpose: The node with binary coordi-

nates an−1, an−2, ..., a1, a0 communicates with the node
an

2
−1, ..., a0, an−1, ..., an

2
.

• Complement: The node with binary coordinates an−1, an−2, ..., a1, a0

communicates with the node an−1, an−2, ..., a1, a0.

Despite this fact, the designer can easily extend the simulator to sup-
port their own custom traffic patterns. We extend the simulator to attach
different processor models or traffic generators on each NoC tile. In addi-
tion, we extend them to support parallel computing using message passing
parallel programming model as we will show in Section 6.5 on page 146).
In NoCMaker, it is possible to execute parallel programs using MPI [142].
Thus, we develop a j2eMPI, a Java MPI-like library to allow embedded par-
allel computing on NoC-based MPSoCs (further information is presented
in Section 6.5 on page 146).
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(a) Custom traffic patterns (b) Pre-defined traffic patterns

Figure 2.16: Custom/pre-defined synthetic traffic patterns in NoCMaker

2.4.5 System and Circuit Validation

The building blocks to design a NoC backbone are mainly NIs and switches.
These circuits can be fairly simple and easy to verify independently. How-
ever, when several modules are combined to form a full-feature NoC, the
verification becomes quite complex. A simple 4x4 mesh NoC, for instance,
has 80 communication links among the switches. If each link has 32-bits flit
and two control bits, the number of wires that interconnect the switches is
2720. Analyzing the behavior of such a system at the inter-router level with
classical waveform analysis becomes tough as, after grouping 32 data bits,
you still have 240 waveforms to look at. Moreover, the network dynamics
is crucial in the appearance of errors. Congestion can stall packets along
different routers, or could be triggered when a very specific traffic pattern
has occurred at a certain region of the NoC.

A set of techniques are proposed to tackle this high complexity.

(i) Registering the time of the packet transmission and reception events in
the processor models allows to compute performance information like
point to point mean latency and bandwidth as showed before in Fig-
ure 2.12 on page 44, but also to present the packet communication in a
timeline (see Figure 2.18 on page 52), so that the cause of big latencies
can be identified.

(ii) The graphical view at TLM of the NoC topology in Figure 2.13 on
page 44 can be used to give quick information of the routing decisions
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and flow control status, which are two common causes of NoC mal-
functions.

(iii) Detailed information from the internal circuits state can be visual-
ized with classic JHDL facilities, the circuit browser, the interactive
schematic view Figure 2.17(a) and the waveform viewer Figure 2.17(b)
to verify the correctness of the simulation process. All these features
presents the values of the signals of the circuit wires in real time during
a simulation.

(iv) Assertions can be inserted in behavioral circuits so that the correctness
of the system is constantly supervised. If some incorrect state occurs,
the assertion code stops the simulation and pops up a message giving
the necessary hints to the designer to identify the cause of the error.

(a) Circuit browser window (b) Waveform viewer

Figure 2.17: Verification of NoC-based systems using NoCMaker

An additional feature in conjunction with the presented verification
tools, is the possibility to advance one or more clocks on the simulation
together with the software application using the interactive simulation win-
dows (see Figure 2.13 on page 44). Combining all these techniques the de-
signer can detect problems at a high level, and successively go to deeper and
deeper levels of detail to identify the final error causes and correct them.

Another feature developed in NoCMaker to allow system level valida-
tion at TLM-like level is the packet sequence analyzer. As shown in Figure 2.18
on the following page, the packet sequence analyzer track transmitted and
received messages on the NoC. This feature is specially interesting to detect
application message deadlocks/livelocks when message passing applica-
tions run on top of the NoC. In Figure 2.18(a) on the next page, we show the
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sequence analysis of a simulation running a perfect shuffle traffic pattern.
In Figure 2.18(b), we depicted the traffic generated by j2eMPI Barrier,
where the root processor in the Mesh is the node with coordinates (2,0).

(a) Perfect shuffle traffic pattern (b) Barrier traffic pattern

Figure 2.18: Packet sequence analysis window in NoCMaker

2.5 Experiments using xENoC – NoCMaker

In this section we use NoCMaker to contrast a variant of circuit switching
and wormhole NoC packet switching NoCs. All these synthesized NoC-
based MPSoC systems are based on Nios II processor [20]. Even if NoC-
Maker can be used to design space exploration, in this dissertation, the aim
is only to show the rapid prototyping of NoC fabrics through NoCMaker,
and how these IP core fabrics can be effortlessly integrated on Altera’s de-
sign flow.

Thus in these experiments, we will integrate our NoC fabric generated
by NoCMaker in conjunction with multiple Nios II on EP1S80 FPGA. As
shown in Figure 2.19 on the next page our system will be composed by:

• Standard Nios II soft-core processor.

• Customize NoC fabric using NoCMaker.

• On-chip memory.

• Profile (i.e. timers, performance counters).

• Debug peripherals (i.e. UARTs/JTAGs).
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From software point of view, we integrate our software stack (further
information in Section 6.5.5 on page 153). Optionally, as long as it is required
an embedded OS or micro-kernel, like ucLinux [143] or eCos [144], which
also can be integrated on the software stack, but they are not necessary and
it is out of the scope of this dissertation.
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Figure 2.19: Nios II NoC-based MPSoC architecture

2.5.1 Synthesis of Nios II NoC-based MPSoC architectures

In NoCs the main forwarding techniques are circuit switching and packet
switching. In this section we try to quantify the area overhead between both
switching techniques. Figure 2.20 shows the differences between a pure cir-
cuit switching and our ephemeral circuit switching. Our ephemeral circuit
switching is a variant of the pure circuit switching scheme, where during
the set up of the channel, some data is transmitted when open channel sig-
naling packet, and the release of the channel is done automatically, and the
end of each packet.

Time
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N2

N3

N4

Time

N1
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Packet header Payload Successful

transmission

Figure 2.20: Circuit switching vs. ephemeral circuit switching
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We have applied NoCMaker to generate different regular topologies:
using ephemeral circuit switching [93] and wormhole packet switching.
In Figure 2.21, we present the area results on a Nios II NoC-based MPSoC,
using 32 bits flit width and minimal buffering (8 slots), and 4-phase hand-
shake protocol features on packet switching NoCs.

As expected, and also predicted with the early estimation area report
in NoCMaker, the 2D-Torus packet switching NoC is the most expensive
in terms of area usage because every router is connected to all neighbors,
whereas the 2D-Mesh ephemeral circuit switching is the cheapest.

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

2x2 3x3 4x4

(a) 2D-Mesh packet switching
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(b) 2D-Torus packet switching
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(c) Spidergon packet switching
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(d) 2D-Mesh ephemeral Circuit switching

Figure 2.21: Synthesis (in LEs) of Nios II NoC-based MPSoCs

In fact, doing a fair comparison our 2D Mesh ephemeral circuit switch-
ing and packet switching in Figure 2.21(a) and Figure 2.21(d), it easy to no-
tice that our bufferless variant of circuit switching scheme use around 15%
less area than the equivalent packet switching. Spidergon, in Figure 2.21(c),
is in between of both, having a similar area usage of Meshes under equiva-
lent configurations.

Another important metric is to measure the ratio between the commu-
nication, and the computational resources. The area breakdown of a 3x3
Mesh circuit switching Nios II based MPSoC is shown in Figure 2.22. The
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cores and peripherals occupies the 80% of the area, meanwhile the area costs
related to the interconnection fabric (switches, and NIs) is 20%. This ratio
in an equivalent 2D-Mesh packet switching (see Figure 2.21(a) on the pre-
ceding page) raise until 34% for the NoC backbone and 66% used for the
computational tiles.

Figure 2.22: Area breakdown of our Nios II NoC-based MPSoC

Despite the low area costs of circuit switching schemes, in terms of area
savings and null buffer requirements, generally this architecture is worse
in terms of flit/packet contention and throughput than packet switching.
Hence, the selection between one of these two switching schemes will
mainly depend on high-level system and application factors. These factors
come from traffic statistics, such as contention probability, and the appli-
cation throughput requirements apart from the availability of physical re-
sources.

2.6 Conclusion and Future Work

We have proposed a cross-platform rapid and robust experimental NoC-
based environment to create multiple interconnection fabrics for next-
generation MPSoCs. The environment is based on a repository of NoC
component, enabling the re-use of communication models, which can be
effortlessly extended.

NoCMaker is able to generate HDL models of the specified NoC through
a simple but strong XML specification. This allows us to explore and test
multiple NoC backbones, through its simulation, verification and by ex-
tracting, early estimation area costs, power consumption and the overall
system performance (in terms of total throughput and mean latency).

As we shown, HDL models can be integrated effortlessly in Altera de-
sign flow [145] to create a full-featured prototype of parallel Nios II NoC-
based MPSoC architecture. This is a particular case of study, because def-
initely the same HDL NoC model can be also included as an IP intercon-
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nection fabric on AMBA Designer [109], within Xilinx design flow [146] like
the work presented in [147], or Cadence SoC Encounter [148] to perform
synthesis and P&R on different ASIC technologies.

Both, the xENoC environment in conjunction with NoCMaker is a stable
framework that gives as the chance to do a deeper research in NoC design.
In addition, xENoC and NoCMaker joins many topics and features already
presented in previous related work, but it also extends the design process
to include software development by adding the software components, such
as j2eMPI (see Section 6.5 on page 146).

The design of NoC systems is difficult because of the huge NoC design
space. Moreover, the simulation and verification of a complete NoC-based
system can be very tedious because a relative small NoC can have hundreds
of point-to-point wires. For all of these reasons, EDA tools, like NoCMaker
are definitely necessary to effectively develop and verify NoCs at system
level.

Since, embedded systems could be sometimes application specific, the
next step to improve improvement of our xENoC EDA framework will be
the inclusion of irregular topologies on NoCMaker. A priori, this is an easy
step by means of use source routing scheme. In that case, a part of the XML,
we will need a complete graph representation with the topology as an in-
put. This will lead to enable another degree of freedom on NoC design
space at the moment of perform a full process of design space exploration
by generating more and more NDSPs and selecting them according input
constraints. Other directions are to extend the NoC models to support vir-
tual channels [72, 98].
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CHAPTER 3

Full-Featured AMBA AHB Network
Interface OCP Compatible

This chapter1 shows the design of a full-featured AMBA 2.0 AHB Network
Interface (NI) for ×pipes NoC library. This work also extends the packet
format to ensure traffic compatibility and transparent plug&play in the NoC
architecture of AMBA 2.0 AHB and OCP-IP cores. This development will
lead to future design of heterogeneous NoC-based systems using multiple
protocols. Finally, an evaluation of the AHB NI is reported, comparing the
presented AMBA 2.0 AHB NI with the existing OCP NI in the ×pipes NoC
library, in terms of area costs and circuit performance (i.e. fmax) by means of
a physical synthesis on FPGA platforms.

3.1 General Concepts of ×pipes NoC library

In this section we introduce briefly ×pipes NoC library [52, 53] in order to
understand the rest of the chapter. ×pipes is based on a set of architectural
choices:

• A library of fully synthesizeable components which can be parame-
terized in many respects, such as buffer depth, data width, arbitration
policies, etc. This components have been designed for lowest area,
power consumption and minimum latency.

• NIs supports the OCP-IP socket standard [12]. However, in this work
the functionality is extended to be compatible with AMBA 2.0 AHB
standard [14] as shown in Section 3.5 on page 67.

1The author will like to acknowledge contributions by Federico Angiolini.
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• Is fully synchronous, but it offers facilities to support multiple clock
domains at NIs by including integer frequency dividers. Nevertheless,
mesochronous [57] and GALS approaches are still possible by insert-
ing synchronizers at appropriate places in the NoC.

• Routing is static and determined in the NIs (source routing). No adap-
tive routing schemes are implemented due to its complexity in terms
of area, and dead-lock avoidance. Source routing minimizes the im-
plementation cost maximizing the flexibility and its potential cus-
tomization for application specific NoC systems.

• Adopts wormhole switching [72, 133] as the only method to deliver
packets to their destinations. It supports both, input and/or output
buffering [72, 133] according stall-and-go or handshake flow control
protocols.

• QoS is provided at design time according to specific application traffic
requirements defined by the application communication graph (e.g.
point-to-point bandwidth) and the initial simulation and estimations.
Runtime QoS features will be added and reported in Chapter 4 on
page 85 on this dissertation, as a complement to design time QoS ap-
proach.

• Does not include explicit support for virtual channels [72,133], instead
parallel links can be deployed between each pair of switches to fully
resolve bandwidth issues.

3.2 Motivation and Challenges

The Virtual Socket Interface (VSI) Alliance [11] had developed at the end
on 90s a standard interface to connect virtual components (VCs) to on-chip
buses. Nowadays, a wide range of IP cores and bus-based systems and
protocols (such as AMBA/AXI [14, 32], OCP-IP [12], STBus [28], IBM Core-
connect [17], Avalon [19], etc) adopt or extends this standard to interconnect
complex SoCs and MPSoCs.

Nevertheless, since the NoC paradigm has been demonstrated as a feasi-
ble and scalable solution to implement the interconnection fabric, on highly
composable systems, a generic NoC socket interface must be designed to
integrate different subsystems and protocols. Nowadays, interconnects use
a multi-master and multi-slave protocols including shared or hierarchical

58 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



3.2. Motivation and Challenges 59

or bridged and clustered buses of several types, partial and full crossbars,
etc. To make NoC-based systems meaningful and attractive, the communi-
cation between this communication resources need to be transparent, and
the interface between a resource and an IP core need to be standardized.
Nowadays, this is key challenge on NoC design, as well as to provide ef-
ficient and reliable communication services required from the application
point of view.

A common VSIA-like or VC-like for NoCs must be standardized to
enhance design-productivity by plug together off-the-shelf IP cores from
different vendors and protocols in order to design custom heterogeneous
multi-protocol NoC-based MPSoCs. Moreover, it will lead to enable the or-
thogonalization of computation and communication elements [149] to fast
design space exploration, and hierarchically verification.

As a consequence, a key challenge nowadays is how to design effi-
cient NETWORK INTERFACES (NIS) or custom wrappers which covert auto-
matically foreign IP protocols to the NoC specific protocol (see Figure 3.1(a)
on the next page), but without adding too much overhead in terms of area,
and latency penalty. However, the overhead costs to include a NI are of-
ten considered negligible because it boost the reusability and productivity.
When NoC packets or stream of flits are converted to core transactions the
NI must be intelligent enough, identifying and adapting each protocol or
type of transaction whether is required.

Similar to a computer network with layered communication protocols,
the NoC relies to its own layered micro-network stack. This layered ap-
proach based on ISO-OSI protocol stack (see Figure 2.7 on page 33) allow the
mixture of transactions of multiple protocols in a NoC-based system. Thus,
the lowest four layers (i.e. transport layer, network layer, link layer and
physical layer) are implemented in the NI backend (see Figure 3.1(a) on the
next page) and are part of the NoC backbone and its specific protocol. The
computational resources reside outside thanks to the decoupling logic and
synchronization. On the other side, the NI frontend shown in Figure 3.1(a) on
the following page is responsible to support bus or core transactions of the
standard node protocol (e.g. AMBA 2.0, AXI, OCP, etc.) as well as provide
a degree of parallelism, and services at session layer.

Despite this ideal view many issues and problems arise. Some of these
protocols, like OCP supports non-posted writes feature not present a pri-
ori in AMBA 2.0 AHB. Others such AXI, have independent read and write
channels further obscuring ordering constraints. Different semantic can also
be found, for example, certain types of OCP byte enables are not supported
in AMBA 2.0 AHB, while protected transactions are supported in AMBA 2.0
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Figure 3.1: NI overview on a multi-protocol NoC-based system

AHB but does not exist at all in OCP. In addition, exclusive reads and lock
transactions impact directly NoC transport level because switches must take
decisions about exclusivity and lock-unlock transactions. Thus, the network
and physical level is mixed with transport level and NoC services should be
activated in a particular transaction packet.

Therefore, even it is not easy, NIs should control all these issues as much
as possible enabling a full featured compatible transactional at session layer
with many different protocols. As we shown in Figure 3.1(b), the outcome
of this layered approach will enable the feasibility to create a multi-protocol
NoC-based system.

Finally, the interaction of NIs with higher layers is definitely a key point
to exploit NoC services, e.g. providing QoS, from the application level to
the NoC backbone, as it is explained in Chapter 4 on page 85.

3.3 AMBA & OCP-IP Interconnection Fabric
Overview

In this section, we focus our attention on some of the best-known, and most
widely used, bus-based on-chip communication fabrics and socket architec-
tures.

• Advanced Microcontroller Bus Architecture (AMBA) [14].

• Open Core Protocol (OCP-IP) [12].

Thanks to its moderate silicon footprint AMBA 2.0 is widely used as
the fabric architecture in today’s of many SoCs and MPSoCs. On the other
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side, OCP-IP success because of its flexibility and due to its architectural
flexibility and advanced features enabling independently IP core creation
from the communication architecture. Mainly, both fabrics architectures are
used to boost productivity, plug&play IP integration enabling IP reuse, but
nowadays the challenge is to integrate them within a full-featured NoC-
based system.

This section does not intended to explain exhaustive both fabrics, rather
than to do a brief overview on both architectures. It will help the reader
to understand the rest of the chapter, but also to show the trend of on-chip
fabrics, reporting incompatibilities and specific features.

3.3.1 AHB/AXI Architecture Overview

The Advanced Microcontroller Bus Architecture (AMBA) 2.0 [14] interconnect
distinct three types of buses:

• Advanced High-performance Bus (AHB).

• the Advanced System Bus (ASB).

• the Advanced Peripheral Bus (APB).

Despite this fact, AMBA 2.0 is considered an hierarchical bus based on
two levels, AHB bus acts as a high-performance backbone whereas APB
is low-power low-performance bus. Thus, normally AHB includes high
performance cores, such as CPUs, on-chip and off-chip memories, memory
controllers, DMA, and so on, while in APB are attached all low-power low
performance peripherals of the system, like UARTs, I/O, LCD controllers,
etc. Both levels are interconnected by a AHB APB bridge.

AHB is a multi-master multi-slave bus, and therefore it relies on the ex-
istence of an arbiter and a decoder used to interpret the address of each
transfer and provide a select signal (i.e. HSEL) for the slave that is involved
in the transfer (see Figure 3.2(a) on the next page). Thus, a bus transaction is
initiated by a bus master, which requests access from a central arbiter. The
bus arbiter, if there are conflicts, ensures that only one bus master at a time
is allowed to initiate data transfers. Even though the arbitration protocol is
fixed, any arbitration algorithm, such as highest priority or fair access can be
implemented depending on the application requirements. Once the arbiter
issues a HGRANT to the master, the transfer starts. In AHB, transactions
are pipelined to increase the bus effective bandwidth, and burst transac-
tions are allowed to amortize the performance penalty of arbitration. Thus,
all transactions are composed of an address phase, involving the address (i.e.
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HADDR) and control wires (i.e. HTRANS, HSIZE, HBURST, HWRITE), and
of a data phase, involving the separate data buses. There are two data buses,
one for reads (i.e. HRDATA) and one for writes (i.e. HWDATA) are avail-
able, but only one of them can be active at any time.

To avoid bus starvation because of slow slaves and therefore poor
bus utilization, AMBA provides two mechanism: (i) split/retry transfers,
where high-latency slave can optionally suspend a bus transaction while its
preparing the response, and (ii) early burst terminations, where if the arbiter
detects too long transaction, it can release the burst in progress and grant
another master. In addition, lock transfers also are supported by AMBA 2.0
AHB if a master requires exclusive access to a specific slave. However, mul-
tiple outstanding transactions are supported only to a very limited degree
using split transactions, where a burst can be temporarily suspended (by a
slave request). New bus transactions can be initiated during a split burst.

(a) AMBA 2.0 AHB shared bus (b) AMBA 2.0 AHB multi-layer

Figure 3.2: Block diagram of AMBA 2.0 AHB (bus vs. multi-layer)

Despite this fact, AMBA 2.0 AHB can be also deployed on MPSoCs as a
multi-layer AHB matrix (ML-AHB) or crossbar topology (see Figure 3.2(b)).
Using this architecture as a backbone, multiple and parallel transactions can
be done between an arbitrary master and slave on the system at the same
time.

The ML-AHB busmatrix consists of input stage, decoder and output
stage embedding arbiter. The input stage is responsible for holding the ad-
dress and control information when the transfer to a slave is not able to
commence immediately. The decoder determines which slave a transfer is
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destined for. The output stage is used to select which of the various master
input ports is routed to the slave. Each output stage has an arbiter. The
arbiter looks at which input stage has to perform a transfer to the slave and
decides that is currently the highest priority. Especially, the ML-AHB bus-
matrix uses the slave-side arbitration scheme, i.e. the master just starts a
transaction and waits for the slave response to proceed to the next transfer.

An evolution of AMBA 2.0 is AMBA Advanced Extensible Interface
(AXI) [32]. AMBA AXI methodology brings a new step forward for high
bandwidth and low latency design with backward AHB compatibility.
Thus, AMBA AXI presents some useful pipelining as in AMBA 2.0 AHB,
and it adds novel features that will benefit the design of larger chips requir-
ing scalable interconnects at high frequency.

As shown in Figure 3.3(a), AMBA AXI is s a fully point-to-point fabric
consisting in 5 unidirectional parallel channels: (i) read address channel, (ii)
write address channel, (iii) write data channel (iv) read data channel, and
(v) response channel. All channels are fully decoupled in time, which en-
able optimization, by breaking timing paths as required to maximize clock
frequency and minimize latency.

(a) AXI Point-to-Point scheme (b) AMBA 2.0 AHB vs. AXI transactions

Figure 3.3: AXI Overview, and AXI vs. AMBA 2.0 AHB transactions

With symmetrical or point-to-point master and slave interface, AXI can
be easily used anything from simple directed point-to-point architecture to
multi-hierarchy systems by reducing the gate count on handshakes due to
the simplicity of point-to-point links and hence timing penalty when signals
traverse complex SoCs. Any master and slave of the system is completely
agnostic from the interconnection, without the necessity to use arbitration
or decoder modules as in AHB. This approach allows seamless topology
scaling compared with a simple AMBA 2.0 AHB hierarchical shared-bus
backbone.

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 63



64 3.3. AMBA & OCP-IP Interconnection Fabric Overview

In AXI, a transaction implies activity in multiple channels. For instance,
a read transaction uses the read address and read channel. Because each
channel acts independently, each transaction is labeled when start at the ad-
dress channel. Thus, it supports for multiple outstanding transactions (in
order like AMBA 2.0 AHB, but also out-of-order delivery as shown in Fig-
ure 3.3(b) on the preceding page), enabling parallel execution of bursts, re-
sulting in greater data throughput than in AMBA 2.0 AHB. Moreover, to
minimize the protocol information single-address burst transactions gener-
ates multiple data on read/write channels. All these features facilitates both
high-performance and better average use of the interconnection fabric, and
enable low-power as tasks can complete in a short time.

3.3.2 OCP-IP Overview

The Open Core Protocol™ (OCP) defines a high-performance, bus-
independent interface between IP cores that reduces design time, design
risk, and manufacturing costs for SoC designs. OCP is a superset of VCI [11]
additionally supporting configurable sideband control, and defines proto-
cols to unify all of the inter-core communication. This protocol has in some
features some similarities with AXI.

The OCP defines a point-to-point interface between two communicat-
ing entities and is completely independent from the interconnection fabric.
OCP cores can be tested of any bus-independent interface by connecting a
master to a slave without an intervening on chip bus. Thus, the use of de-
coders and arbiters are hidden from cores, and must be addressed by using
a basic command field. Thus, this permits OCP compliant master to pass
command fields across the OCP that the bus or the NoC interface logic can
convert, for instance, into an arbitration request, decode command, etc.

To support concurrency and out-of-order processing of transfers, the ex-
tended OCP supports the notion of multiple threads. Transactions within
different threads have no ordering requirements, and so can be processed
out of order. Within a single thread of data flow, all OCP transfers must
remain ordered.

OCP is based on two basic commands, Read and Write, but five com-
mand extensions are also supported (ReadEx, ReadLinked, WriteNonPost,
WriteConditional, Broadcast). An interesting feature of OCP is that offers
posted writes (Writes) or WriteNonPost, i.e. writes without or with re-
sponse, respectively. The other commands are basically used form syn-
chronization between initiators. ReadExclusive is paired with Write or
WriteNonPost, and has blocking semantics. ReadLinked, used in conjunc-
tion with WriteConditional has non-blocking (lazy) semantics. These syn-
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chronization primitives correspond to those available natively in the in-
struction sets of different processors.

OCP it also support pipelining and burst transfers. To support pipelin-
ing, the return of read data and the provision of write data may be delayed
after the presentation of the associated request. On the other side, burst can
either include addressing information for each successive command (which
simplifies the requirements for address sequencing/burst count processing
in the slave), or include addressing information only once for the entire
burst.

An specific features that makes OCP flexible and extensible is the abil-
ity to pass core-specific through in-band information on requests and re-
sponses, as well as read and write data (e.g. interrupts, cacheable informa-
tion, data parity, etc.)

3.4 Related work

NI design has received considerable attention for parallel computers [150–
152] and computer networks [153,154]. These designs are optimized for per-
formance (high throughput, low latency), and often consist of a dedicated
processor, and large amount of buffering. As a consequence, their cost is too
high to be applicable on chip.

In [155] different packetization strategies have been investigated: (i) soft-
ware library, (ii) on-core module based and (iii) off-core wrapper based. Fi-
nally, they evaluate each approach mainly in terms of latency and area costs.
The conclusion of this work is that an off-core wrapper based approach is
the best solutions in terms of latency and area.

Thus, a large body of research works implements NIs. In [156] is pre-
sented a NoC architecture in which the router and the NI are integrated in
a single block, called communication interface.

In [157] is proposed the NoC to be viewed as an interconnect intellectual
property module. The NI of this NoC offers services at the transport layer,
being responsible for message to/from packet conversion. An NI example
offering a unidirectional 64-bit data only interface to a CPU is presented.

QNoC NI is explained in [87] offering bus-like protocol with conven-
tional read and write semantics, but also they also propose four service lev-
els: (i) signaling, (ii) real-time, (iii) read/write and (iv) block transfers.

A dual-NI is reported in [158]. In this work, the target is to improve NoC
architecture to be fault tolerance. Some network topologies and routing al-
gorithms are presented to maximize the packet delivering packet to all cores
in case of a faulty on the topology.
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According to socket OCP-IP standard, in [159, 160] are reported an OCP
compliant used on the MANGO clockless NoC architecture. A similar work
is presented in [52, 53] on top of ×pipes NoC library. In addition, very
close to our work in [161, 162], AMBA 2.0 NIs are presented to intercon-
nect AMBA-based IP cores. However, all these works lack of compatibility
and interoperability to design heterogeneous multi-protocol system.

The related work on multi-protocol NIs design is not very common at
research level. It is probably because is more an engineering task rather
than a long term research work, but from the point of view of the author is
definitely a key challenge to ensure backward compatibility and coexistence
of different standard protocols, as well as to enable IP core reuse, but also to
enable NoC services at NI level.

Thus, in [163] the author exposes and presents the idea of VC-neutral
NoC design. This works introduce the necessity and potential issues at the
moment of design full-featured NIs (named NIUs in this work) which are
able to communicate different standard protocols, such as AMBA 2.0, AXI,
VCI and OCP. In fact, nowadays, it seems most of the NoC companies, such
as Arteris S.A. [110], iNoCs SaRL [111], Sonics Inc [113] claim to have NIs
capable to interact with several protocols, but it is unclear the grade of in-
teroperability between them.

An interesting work of Philips Research Laboratories is reported in [164].
A complete NI compatible with multiple protocols standards, such as AXI,
OCP and DTL [165] is presented, providing both guaranteed and best ef-
fort services via connections on top of Æthereal NoC. This services are con-
figured via NI ports using the network itself, instead of a separate control
interconnect.

The existing NI designs address one or more of the aspects of our NI,
like low cost, high-level NoC services offering an abstraction of the NoC,
and plug&play modular design and integration. However, in this work we
present full-featured AMBA 2.0 AHB NI fully compatible with OCP trans-
actions. The NI design is targeted to be extremely slim (hundred LUTs) and
very low-latency. Furthermore, in this work we will take into account the
inherent incompatibilities of both standards (i.e. byte enable, alignments,
protection, burst types, etc).

Later, both NIs, AMBA 2.0 AHB and OCP will be extended to enable
software programmability of different QoS features at NoC-level (i.e. guar-
anteed and best effort services). The outcome will be a complete solution
to configure NoC features through IP cores at runtime (see Chapter 4 on
page 85).

66 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



3.5. Full-Featured AMBA 2.0 AHB NI for ×pipes NoC 67

3.5 Full-Featured AMBA 2.0 AHB NI for ×pipes
NoC

As explained before in Section 3.3 on page 60, AMBA 2.0 (AHB-APB) is an
hierarchical bus interconnected with a AHB-APB bridge. In this section we
show the design of a full-featured AMBA 2.0 AHB NI, targeted to translate
AHB transactions to NoC packets and flits.

The NI back-end works up to the transport layer (see Figure 2.7 on
page 33) injecting/absorbing the flits leaving/arriving at the IP core,
whereas the front-end is responsible to pack/unpack the AHB signals com-
ing from or reaching AHB compatible IP cores consisting in multiple mes-
sage/flits. In other words, the NI is in charge to convert multiple transac-
tions (i.e. requests/responses packets) into network flits and vice versa by
adapting the clock domains.

In this work, the goal is to design a completely renewed AMBA 2.0 AHB
NI fully compatible with OCP at transactional level. As shown in Figure 3.4
on the following page, the basic block of our design will be divided in two
parts:

(i) AHB NI Initiator: slave module connected to each master (e.g. mainly
processors, like CPUs, VLIWs, DSPs, Image Processing ASIPs, etc) of
the system.

(ii) AHB NI Target: master module attached to each slave (e.g. memory,

such SRAM or DRAM, but also custom co-processors accelerators,
such as FPUs, FFT, etc) of the system.

×pipes leverages static source routing, which means that a dedicated
Look-up Table (LUT) is present in each NI to specify the path that packets will
follow in the network to reach their final destination. This type of routing
minimizes the complexity of the routing logic in the switches. Furthermore,
NIs also optionally provide buffering resources to improve performance.

Finally, as shown in Figure 3.4 on the next page, two different clock sig-
nals are connected to our AMBA 2.0 AHB NI: one coming from AHB in-
terface towards NI front-end (i.e. HCLK), and another (i.e. xpipes clk) to
drive the NI back-end which is used by ×pipes protocol. For simplicity, the
back-end clock must, however, have a frequency which is an integer multi-
ple of that of the front-end clock. This arrangement allows the NoC to run
faster even though some of the attached IP cores are slower, which is crucial
to keep transaction latency low. The constraint on integer divider ratios is
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instrumental in reducing the implementation cost of this facility down to al-
most zero, but decrease the design possibilities. However, a mesochronous
or a GALS scheme can be designed effortlessly extending the NoC [57,166].
Therefore, each IP core can run at different frequencies of the ×pipes fre-
quency, mixed-clock platforms are possible.
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3.5.1 Packet Definition and Extension

The packet format is the most important piece on in order to achieve
backward compatibility between different protocols, and to design a full-
featured AHB NI compliant. In this case of study, we define an extended
or abstract packet format based on OCP codification but suitable to place
all AHB signals coded in a proper way. As shown in Figure 3.4, to enable
full-featured (i.e. read/write single, precise or imprecise burst transactions,
etc) compatibility between AHB and OCP, in our design we include pairs of
encoders/decoders in each AHB NI, to adapt AHB codifications to OCP.
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Different types of packets are defined by the virtual paths between NI
blocks. We distinct two kind of packets: request packet (see Figure 3.5 on the
preceding page) which goes in direction from master to slave, and response
packet (see Figure 3.6 on the following page) which goes in the opposite
direction, from the slave to the master. Moreover, each packet is subdivided
in header and payload.

As shown in Figure 3.5 on the preceding page, in request header we
place all AHB control signals codified them in a proper way to be compati-
ble with OCP. In Table 3.1, we show the coding of each field in the request
header according to AHB and OCP.

Field Codification – Signal Mapping

Protection Encodes protection (i.e. HPROT) present in AHB specification
No equivalence in OCP1

Burst Length Is a numeric value expressing the burst length.
Encodes HBURST2 (AHB) & MBurstLength (OCP)
000 (INCR) ↔ if HBURST == SINGLE/INCR3 (AHB) or
if MBurstSeq == INCR (OCP)

Burst 001 (WRAP) ↔ if HBURST == WRAP (AHB) or
Sequence if MBurstSeq == WRAP (OCP)

101 (STRM) ↔ if MBurstSeq == STRM (OCP),
No equivalent in AHB

Burst 0 ↔ if HBURST != INCR (AHB)
Precise 1 ↔ if HBURST == INCR (AHB)

Simply encodes MBurstPrecise in OCP
Byte One bit per byte in the data field of the payload
Enable Encodes HSIZE (AHB) & MByteEn (OCP)

001 (WRITE) ↔ if HWRITE == True (AHB) or MCmd == WR (OCP)
Command 010 (READ) ↔ if WRITE == False (AHB) or MCmd == RD (OCP)

101 (WRNP) ↔ if MCmd == WRNP (OCP), no equivalent (AHB)
Others ↔ reserved for future usage

Address5 Encodes HADDR (AHB) or Maddr (OCP)
1 There is no equivalence in OCP, and therefore this field is simply ignored when it is received on an OCP NI Target.

2 For HBURST equal to INCR4/INCR8/INCR16 or WRAP4/WRAP8/WRAP6 this field codifies the numeric value, i.e. 4, 8, 16.

3 In AHB, it is possible to define single read/write requests by doing a undefined-length burst (INCR) of burst length equal to 1.

4 Some byte enables OCP semantics (such as are not supported on AHB standard.

5 The most significant byte of the address filed is used to refer a specific slave on the NoC.

Table 3.1: Mapping AHB – OCP signals on the request header

The last two fields of request header, sender and route, are completely
independent from any protocol. The sender is an specific ID (of 8 bits nor-
mally) to identify the requested source, which allows to integrate at least
256 cores on the network, whereas the route, is a variable length field which
determines the path of the packet along the NoC. The length of this field is
determined by Equation 3.1.
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routewidth = log2(N) × M (3.1)

where N is the maximum number of ports of all switches on the NoC, and
M is the maxim number of hops that a packet can do to traverse the NoC.

On the request payload, the mapping of the signals of each protocol is
straightforward. On the DATA field, only if it is a write requests, we en-
code the data to be written, i.e. HWDATA (AHB) or MData (OCP), otherwise
this field is removed for optimization. In Burst Length field we encode as
before a numeric value expressing the burst length. However, both AHB
and OCP allow undefined-length bursts, so that this field will encode a mix
of HBURST and HTRANS (AHB), or MBurstLength (OCP). Finally, as in the
request header, the Byte Enable field encodes HSIZE or MByteEn but this
one overrides the one provided in the request header to allow different byte
enable alignments on each piece of data during transactions.

On the response packet (see Figure 3.6), AHB & OCP signals are mapped
effortlessly. The header fields has the same meaning as in request packet,
but in the opposite direction, i.e. changing the role of the sender, and in-
cluding the reverse path on the route field. On the DATA field, it is encoded
HRDATA (AHB), and SData (OCP) which is data coming from the slave un-
der a read transaction. Finally, in RESP field we encode HRESP (AHB) or
SResp (OCP). This field is very important because provides additional in-
formation on the status of the transaction. AHB and OCP encodes four types
of responses, but in this work, we only support OKAY/DVA and ERR, since
exclusive access (SPLIT/RETRY) can be supported using QoS at NoC level.

SENDER ROUTE

8 custom

DATA

R
E

S
P

normally 32 2

Response Header Response Payload

Figure 3.6: AMBA 2.0 AHB – OCP response packet

Once these request and response packets are composed and properly
codified, they are then split into a sequence of flits before transmission, to
decrease the physical wire parallelism requirements. The width of the flits
in ×pipes is a fully configurable parameter; depending on the needs, ×pipes
designs can have as few as 4 wires carrying data, or as many as in a highly
parallel bus (64-bit buses typically have close to 200 wires, considering a
read bus, a write bus, an address bus, and several control lines).
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To provide complete deployment flexibility, in addition to being parame-
terizable in terms of flit width, the designed AHB NI is also parameterizable
in the width of each packet fields. Depending on the resulting ratios, a vari-
able amount of flits will be needed to encode an AHB or an OCP transaction.
However, once we know the size of each field, the offsets are fixed, so that
the packeting and unpacketing logic can operate at high frequencies.

3.5.2 AMBA 2.0 AHB Transactions to NoC Flits

In this section, it is explained in detail how to the NIs translate AHB trans-
action to NoC flits and vice versa. Two types of NIs are required, (i) AHB NI
Initiator and (ii) AHB NI target to interact with master and slave IP cores, re-
spectively. However, as a part of this main modules, some submodules must
be designed in charge to pack/unpack request response packets from/to the
NoC:

(i) ahb ni request: pack AHB transactions coming from an AHB master

(e.g. CPU) using the request packet format, and at the same time, the
packet is split in a stream of flits to be transmitted over the NoC.

(ii) ahb ni receive: unpack the transaction coming to the target NI from
the NoC by a sequence of one or more flits, and afterwards, it regener-
ates the transaction in order to interact with an arbitrary AHB slave IP
core (e.g. memory) on the system.

(iii) ahb ni resend: pack the AHB response coming from the AHB slave
(e.g. memory) following the request packet format in a sequence of
flits to be forwarded back to the master that did the request.

(iv) ahb ni response: unpack NoC flits arriving from the NoC, creates the

response transaction to be delivered to the AHB master (e.g. CPU).
Once this module finishes, it notifies ahb ni request that another trans-
action can be issued.

As explained before in Section 3.3 on page 60, AMBA 2.0 AHB is a multi-
master multi-slave bus-based fabric architecture based on request and re-
sponse transactions. Moreover, AHB relies on the existence of a shared
bus which includes a centralized arbiter and decoder (see Figure 3.2(a) on
page 62). The decoder is used to select a specific slave using the address
issued by the master, whereas the arbiter is in charge to prioritize a master
in case multiple request are issued on the bus simultaneously.

Therefore, the interface among IP cores and NIs can not be defined as
in AHB, where the masters requests the arbiter and afterwards the decoder
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selects the corresponding slave. As shown in Figure 3.4 on page 68, the
proposed AHB NI Initiator in order to be fully AMBA 2.0 AHB compliant
include the typical arbitration cycles described in the specifications [14, 15].
On the other side, the AHB NI target integrates the decoder logic to select
the specific slave. These logic must be included in a distributed way on the
FSM of ahb ni request and ahb ni receive, respectively. This does not happen
when we design NI with point-to-point protocols, such as OCP, AXI, be-
cause they do not rely on the existence of this shared-bus specific modules
present in AHB.

To translate or serialize AHB transactions to NoC flits, and vice versa, in
each of these submodules presented before includes a quite complex FSM2.
In the next sections, we present the FSMs of each submodule.

AHB FSM Request

The ahb ni request FSM is a module that packs AHB request transfers, seri-
alizing and converting them into a sequence of flits to be transmitted over
the NoC. As shown in Figure 3.7 on the next page, the FSM in the beginning
remains in IDLE until the master request to initiate a transaction. When a
master IP core want to issue a new transaction, it request the bus, and if the
NI is ready, i.e. there is not an ongoing flit (i.e. !tx gone), or a response
in progress (i.e. !full response), it asserts HGRANT, otherwise it will re-
main until the previous transaction finish. Once these arbitration cycles are
done, the transaction itself can be initiated, and therefore, the FSM will jump
to the START TRANSACTION state3.

Once the transaction can start, we distinct between all multiple types of
transactions that can occur in AHB:

(i) Single Write: in this type of transaction only one header and one pay-

load request with the data to be written is transmitted over the NoC.

(ii) Precise Burst Write: a header and multiple payload request according
burst length fields are transmitted over the NoC.

(iii) Imprecise Burst Write: as in precise burst write, a header and multiple

payload request are transmitted over the NoC.

2Each FSM is not presented in fully detail due to its complexity (for instance,
ahb receive fsm has 16 states, ten of transitions, 12 inputs and 12 outputs), and therefore,
only states and transitions are reported in order to understand the general behaviour.

3AHB Lite modules can jump directly to this phase since they do not need the arbitration
phase, but also can be adapted using an AHB Lite to AHB wrapper to be connected to the
NI.
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(iv) Imprecise Burst Read: as in precise burst write, a header and multiple

payload request are transmitted, but now any data is included in the
payload request, only the control information.

(v) Single or Precise Burst Read: on both cases only a header is transmit-

ted over the NoC. The information on header request is enough to re-
construct the transaction on ahb ni receive module. This mechanism is
also present in OCP and AXI, and in our case it leads to save band-
width on the NoC.

Figure 3.7: AMBA 2.0 AHB NI request FSM

In all these states, the FSM is monitoring constantly tx gone (an inter-
nal control signal that is asserted when a header or payload is ready to be
transmitted), and HTRANS (AHB signal that contains the information about
the status of the transfer) to know exactly which is the next state.

Two output signals must be explained in order to understand the hand-
shaking process between the AHB master, the ahb ni request and the NoC,
HREADY and flit sequence.

HREADY will be asserted on every transfer of each AHB address or
data phase when all the valuable information on the bus is sampled and
processed by the FSM in order to notify the master when the transfer is
finished. Furthermore, when a busy transfer occurs, i.e. HTRANS==BUSY,
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the FSM suppress this transaction asserting HREADY but without generating
any overhead traffic on the NoC.

At the same time, the FSM marks the flit sequence as header flit
whether the FSM is going to start a transaction. After that, while the
FSM is processing the packets and jumping over the different states,
flit sequence is tagged as a body flit. Finally, when the last flit is go-
ing out, flit sequence is marked with a tail flit. As shown in Figure 3.7
on the preceding page, at the end of each final phase of each type of trans-
action, when the lasts flits are ready to be transmitted (i.e. tx gone is high),
the FSM can jump to IDLE, or to BUS GRANT if the master request another
transaction (i.e. HBUSREQ is high) by the master. This mechanism pipelines
the end of the transaction with the beginning of the next one saving one
clock cycle each time, and improving the injection rate on the NoC.

AHB FSM Receive

The ahb ni receive FSM module (see Figure 3.8 on the next page), it is proba-
bly the most complex because of its synchronization requirements, specially
for read transactions. This module must deal and synchronize properly sev-
eral modules at the same time. It must receive flits from the NoC, unpack
them into a request header, and one or more request payload packets (de-
pending if the request is a single or burst transaction). Simultaneously, it
should re-generate them in a pipeline fashion according to AHB specifica-
tions [14].

In addition, it must perform the handshake of each address and data
phase with the AHB slave using HREADYin and HREADYout, and in case
the transfer is a read, it has to exchange control (i.e. is resending) infor-
mation with ahb ni resend module in order to know if each piece of the read
transfer have been resent successfully.

The receive FSM is in IDLE state until it receives the full header of a
AHB request transfer and there is not any previous transfer to be resent
(i.e. full header && !is resending). Once the transfer is ready to
be initiated could happen that the last transfer of the previous read trans-
action is still ongoing (because of congestion in the network, slow slave,
etc), and therefore, the FSM can not issue a new request transfer (i.e.
!enable new request). In that case, the FSM jumps to WAITING state.

When a transfer is ready to be initiated (i.e. full header
&& !is resending && enable new request) depending the received
command, the burst sequence and if it precise or not, the FSM has to process
between different type of transactions: (i) precise read, (ii) imprecise read,
(iii) precise write and (iv) imprecise burst.
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Figure 3.8: AMBA 2.0 AHB NI receive FSM

When a transaction is received and it is going to start, the FSM automat-
ically generates HSEL signal, which is in charge to select the corresponding
AHB slave.

For single or precise read burst request only the header is sent from
ahb ni request to ahb ni receive. Each time that an address phase or data
phase is processed successfully (i.e. HREADYin4 is high), an address gen-
erator increments the address sequence according HSIZE and HBURST. For
instance, during a 32-bits 4-burst beat transaction, this module creates a rel-
ative offset addresses of 0x0, 0x4, 0x8 and 0xC.

Concurrently, each time a data phase is processed by the FSM, an in-
ternal counter (i.e. burst counter) is incremented in order to provide
a stopping mark when a read/write precise burst is going to finish. The
FSM uses this stopping mark in conjunction with full payload and
packet finish in order to identify where single, precise or undefined-
length burst transactions ends.

Every time the FSM module has a transfer ready (address or data phases)

4HREADYin is a FSM input coming from the AHB slave, in other words, is the
HREADYout of the slave. The slave raise his HREADYout to notify the master, in this case
ahb ni receive fsm within AHB NI Target, each time that a response is ready.
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to be processed, it notifies the slave raising HREADYout5.
On the other side, if the transfer is not ready at the AHB NI Target due to

congestion on the NoC, busy transfers are generated (i.e. HTRANS==BUSY)
by the FSM to notify the slave that the transfer is going to be delayed. Under
normal conditions, the FSM generates AHB pipeline transactions putting
on HTRANS the typical values, i.e. NONSEQ, SEQ, SEQ,...and then NONSEQ or
IDLE to start again the next transaction. The FSM also generates a mask/un-
mask control signals for command and data phases which are asserted prop-
erly to enable all output AHB signals over the bus to the slave, when all
packet flits have been unpacked and processed.

Once the transaction completes6 the FSM resets both, the address gener-
ator and the burst counter to be ready for the next AHB transaction.

AHB FSM Resend

The ahb ni resend FSM takes the AHB responses from the AHB IP core slave,
and create the response packet which is split in a sequence of flits over the
NoC. As shown Figure 3.9, the FSM is in IDLE until a new response arrive,
i.e. start receive response is high. Then, the FSM waits to fill the
header and payload (one or multiple depending if the request is a single or
burst read) of the packet response.

Figure 3.9: AMBA 2.0 AHB NI resend FSM

5HREADYout is a FSM output from AHB NI Target over the AHB slave, or in other
words, is the HREADYin of the slave. On reset conditions, the FSM assign HREADYout to
high to enable the slave to be ready to sample an AHB access

6For simplicity, and to avoid drawing more lines from states where the transaction fin-
ishes to the initial IDLE state, in Figure 3.8 on the preceding page, we shown two initial/fi-
nal states labeled as IDLE, but it is important to remark that only one is present in the FSM
and, both has exactly the same meaning.
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In HEADER TX and PAYLOAD TX states, AHB control and data signals
are sampled, and at the same time, the FSM sends flits out over the NoC.
If an error transfer occurs, i.e. HRESP==ERR, the FSM ignores this transfer
and no flits are transmitted over the network.

When the transaction starts, in HEADER TX, we mark the flits as header
flit, then in all the other states they are marked as body flit, and in the last
state, i.e. LAST PAYLOAD TX the last flit is marked as a tail flit in order to
close the wormhole packet.

From AHB slave, response transfers can be extended or delayed one or
more clock cycles whether HREADY signal from the slave to ahb ni resend
module. This often occurs when slow slaves require few cycles to trigger
the response because they are calculating the output data (i.e. FPU, FFT,
JPEG, etc). To control this behaviour, a PAYLOAD WAIT DATA state must
be added. The FSM are looping here until, HREADY is high, which means
that HRDATA is ready to be sampled and afterwards transmitted in a se-
quence for flits.

AHB FSM Response

The ahb ni response FSM is in charge to unpack AHB responses coming from
AHB NI Target, concretely coming from ahb ni resend module through the
NoC on a sequence of flits. In Figure 3.10, we show that the FSM is in IDLE
until response awaited is high, or in other words, waiting until a new
response must be processed.

Figure 3.10: AMBA 2.0 AHB NI response FSM

Afterwards, it unpacks the header using the control line full header,
which indicate that all the flits of the header have been received. Once the
header is valid and processed, the FSM is doing the same with each payload
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(one or more depending whether the response is a single or a burst read)
using full payload. Every time that full payload is received, the FSM
transmits its response back to the AHB master through HRDATA and HRESP
signals.

This FSM has an output to mask/unmask (i.e. mask response) the
AHB pinout, enabling or disabling the AHB pinout whenever it is required.
This allows to wait until all flits of each payload are received completely
and the response is stable, and therefore, it can be transferred over the AHB
master.

3.6 Experimental results

To assess the validity of our AMBA 2.0 AHB NI, we employ a full-functional
verification to ensure the reliability of a transparent traffic communication
at transactional level between AMBA and OCP IP cores on custom NoC
architecture. Moreover, we employ hardware synthesis on different FPGAs
platforms to quantify the area costs of our AMBA 2.0 AHB NI against a
OCP-NI.

3.6.1 Functional Verification on a AMBA-OCP Start NoC

To face a full-functional verification of our AMBA 2.0 AHB NI, and its com-
patibility with OCP-IP transactions, we mainly employ two communication
patterns between AMBA and OCP cores:

(i) AMBA – AMBA communication.

(ii) AMBA – OCP / OCP – AMBA communication.

To test this communication patterns a simple heterogeneous NoC-based
architecture with 2 cores as initiators (see Figure 3.11 on the next page) has
been developed:

(i) AMBA 2.0 AHB compliant traffic generator (AMBA TGEN).

(ii) AMBA 2.0 AHB memory.

(iii) OCP traffic compliant traffic generator (OCP TGEN).

(iv) OCP memory.
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Figure 3.11: Single switch AMBA 2.0 AHB – OCP star topology

To describe this topology, we use ×pipescompiler [69] and the topology
description file presented in Listing 3.1. Both AMBA and OCP memories
have been specified as a shared memories, and there is a route to/from OCP
and AMBA traffic generators on the system in order to check AMBA-OCP
traffic compatibility, as well as among pure AMBA NoC-based systems.

A fully customizable AMBA 2.0 AHB components (i.e. AMBA TGEN,
and AHB memory) have been developed from scratch. The AMBA 2.0 AHB
traffic generator is able to run any type of AHB transactions:

• Single transactions (SINGLE).

• Incremental bursts (INCR4/INCR8/INCR16).

• Wrapping bursts (WRAP4/WRAP8/WRAP16).

• Undefined-length bursts (INCR).

The AHB memory can also be parameterized, in terms of word size and
depths, as well as different independent write/read latencies, and it is able
to process different types of single or burst transactions.

Using this highly customizable framework an exhaustive verification
test have been done using the developed AMBA 2.0 AHB complaint traffic
generator. This module generate a set of consecutive write and read using
all possible types of transactions between the AMBA TGEN cores and the
AHB memory (placed at 0x00), but also between AMBA TGEN and OCP
memory core (placed at 0x01), and vice versa. Notice, that the 8 MSB bits
are used to address any slave IP core on the NoC-based system.

The idea to generate pairs of write and read transaction is to verify the
content of the memory with a read after the write transaction is finished.
Checking the integrity of the data on the memory will ensure the correct
functionality at transactional level of the AMBA 2.0 AHB NI.
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If an error occur during the verification process, an assertion is raised,
an a debug signal indicates the error.

Listing 3.1: AMBA-OCP topology description file
// --------------------------------------------------------------------------
// Define the topology here
// name, mesh/torus specifier ("mesh"/"torus"/"other")
// --------------------------------------------------------------------------
topology(4x4_AMBA_OCP, other);

//--------------------------------------------------------------------------
// Define the cores
// core name, NI clock divider, input buffer depth, output buffer depth,
// type of core ("initiator"/"target"), memory mapping (only if target),
// "fixed" specifier (only if target and of shared type),
// NI type (amba, ocp)
//--------------------------------------------------------------------------
core(core_0, 1, 2, 6, tester, initiator, amba);
core(core_1, 1, 2, 6, tester, initiator, ocp);

core(shm_0, 1, 2, 6, tester, target:0x00-fixed, amba);
core(shm_1, 1, 2, 6, tester, target:0x01-fixed, ocp);

// --------------------------------------------------------------------------
// Define the switches here
// One switch of 4x4 ports with 2 input and 6 output buffers
// --------------------------------------------------------------------------
switch(switch_0, 4, 4, 2, 6);

// --------------------------------------------------------------------------
// Define the links here
// link name, source, destination, number of pipeline stages (optional)
// --------------------------------------------------------------------------
link(link_0, core_0, switch_0);
link(link_1, switch_0, core_0);
link(link_2, core_1, switch_0);
link(link_3, switch_0, core_1);
link(link_4, shm_0, switch_0);
link(link_5, switch_0, shm_0);
link(link_6, shm_1, switch_0);
link(link_7, switch_0, shm_1);

// --------------------------------------------------------------------------
// Define the routes here
// source core, destination core, the order in which switches need to be
// traversed from the source core to the destination core
// --------------------------------------------------------------------------
route(core_0, shm_0, switches:0);
route(core_0, shm_1, switches:0);
route(core_1, shm_0, switches:0);
route(core_1, shm_1, switches:0);

route(shm_0, core_0, switches:0);
route(shm_0, core_1, switches:0);
route(shm_1, core_0, switches:0);
route(shm_1, core_1, switches:0);

The tests have been done using a single clock domain, i.e. the NoCs
and the NIs running at the same clock frequency, but also under a multiple

80 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



3.6. Experimental results 81

clock system using the integer clock divider present on the NI to validate
the system behaviour under different clock domains (e.g. running HCLK at
half of the ×pipes clock).

3.6.2 Synthesis of AMBA 2.0 AHB NI vs. OCP NI

In this section, we quantify the results by synthesizing our AMBA 2.0 AHB
NI, and comparing it with the equivalent OCP NI design already present
in ×pipes library. In these experiments we synthesize each module of our
AHB NI in different FPGAs in order to extract a more representative results
on different technologies.

Moreover, to do a fair comparison, both NIs, AMBA 2.0 AHB and OCP
have been synthesized using the same parameters:

• 32-bits for address and write/read data buses.

• Minimum buffer capabilities (2 flits input buffers).

• 32-bits flit width.

• The ×pipes NoC use wormhole packet switching and stall&go flow
control.

The results7 shown in Figure 3.12 on the following page, demonstrate
that our AMBA 2.0 AHB NI is more or less equivalent against the OCP NI
in terms of area costs. Actually, this is not a fair comparison, because as ex-
plained before, our AMBA 2.0 AHB NI includes several encoders/decoders
to encode properly AHB transactions to be compatible with OCP traffic. Ob-
viously, this area overhead is not present in OCP NI since it is not necessary
to perform any codification of any signal.

Detailing a bit more the results, in Figures 3.12(a), 3.12(c) on the
next page, we show the results of synthesizing our ahb ni request and
ahb ni resend modules in our set of FPGAs. It is easy to observe that, the
area costs (taking the average of the synthesis in the different FPGAs) in
LUTs are practically the same as OCP modules.

Nevertheless, when we compare ahb ni receive and ahb ni response
against its equivalent OCP modules (see Figures 3.12(b), 3.12(d) on the fol-
lowing page) the results are not so similar. The ahb ni receive is 23.57% big-
ger than ocp ni receive, mainly because of the complexity of the FSM (at the

7The results have been extracted using Synplify® Premier 9.4 [167] to synthesize each
component on different FPGAs without any optimization. VirtexII (xc2v1000bg575-6) and
Virtex4 (xc4vfx140ff1517-11) from Xilinx, and StratixII (EP2S180F1020C4) and StratixIII
(EP3SE110F1152C2) from Altera.
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Figure 3.12: Synthesis of AMBA 2.0 AHB NI vs. OCP NI

time of re-generation pipeline AHB transactions), the longer request header
packet (HPROT is not present in OCP systems), and the decoder to translate
HWRITE, HSIZE, HBURST, HSIZE to OCP equivalent codes.

The 27.63% overhead in area costs of ahb ni response is caused by the fact
this module is extremely small, and the inclusion of the decoder to code the
responses impacts a lot on the final size.

In any case, the design of the AMBA 2.0 AHB NI fully compatible with
OCP is still slim and efficient. The area costs are about 300 LUTs for AHB
NI Initiator, and 400 LUTs for AHB NI Target, approximately.

It is important to remark, that the area costs of our AMBA 2.0 AHB NI
is similar as long as you do not take in consideration the area overhead of
the internal encoders/decoders. Even taking them into account, still the
overhead is not critical looking at the final area of a complex NoC-based
system.

On the other side, the results of circuit performance (fmax) are shown
in Figure 3.13 on the next page. On this figure, it is easy to observe that
our AMBA 2.0 AHB NI can operate at high frequencies even in FPGAs plat-
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forms. As expected, since the area costs are quite similar to OCP NI, the
results in terms of fmax are negligible when both NIs are compared. This be-
haviour it is easy to observe in Figure 3.13, where lines are more or less par-
allel according to the equivalent pair of modules AMBA/OCP. The impact
on the maximum achievable frequency is on average around 1.5%, negligi-
ble in a NoC system, where usually the clock frequency is normally limited
by the switches. In any case, our AHB NI taking the worst case delay can
operate up to 300 MHz in the new generation FPGAs (StratixIII).
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Figure 3.13: Circuit performance (fmax), AMBA 2.0 AHB vs. OCP NIs

3.7 Conclusion and Future Work

This work enables compatibility of AMBA 2.0 AHB and OCP transac-
tions on the same NoC-based system. This allows seamless mixing of
IP blocks fully compliant with these bus-based standard (i.e AMBA) and
socket IP protocol (OCP). In other words, thanks to the NIs developed,
we can mix AMBA and OCP IP cores and all types of transactions (i.e.
INCR/WRAP/undefined-length burst types, multiple byte enables, re-
quest/response/resend and error protocols, etc) can coexist and interact
between each other transparently depending on the application dynamism
and the communication patterns. Clearly, this work illustrates many advan-
tages form the point of view of the core.

The AHB NI have been implemented target to be slim and efficient, in
terms of low-latency and high-performance due to the reduced area costs. It
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optimizes the transmission efficiency and latency with an optimized packet
format. The packets minimize the amount of information in each transmis-
sion that could instead be regenerated at the receiver (e.g. addresses during
bursts).

This architectural support and backward compatibility leads to design
highly heterogeneous NoC-based MPSoCs integrated by multi-protocol
shared or hierarchical bus-based, or even multi-layer or crossbar subsys-
tems. Inside these complex systems, due to the synchronization done in
the NI FSM, multi-clock domains can work at the same time without losing
data.

Further work can be done in many directions. Of course, the layered
structure from transport to physical layer, and the flexibility of the modu-
lar design of the NI will allow effortlessly further extensions on the packet
format to include more standard protocols, such as AXI [32], STBus [28] or
Avalon [19] network interfaces.

To improve the actual work, we can add support for SPLIT and RETRY
transactions, with are confined in the target NI, and support for LOCK
transactions. However, these features can be done reusing QoS features
present in NoC backbones. Thus, a master can block a channel during a
period of time using circuit switching, and obviously, if another master re-
quest access to the same core, it will wait until the channel is released.

In terms of full compatibility between AHB and OCP, we can issue an
error to handle the incompatibility of non-posted writes vs. posted writes,
because in AMBA there is no way to request for posted transactions. The
semantic differences among OCP and AMBA, in terms of byte enables and
transaction alignments, and wrapping burst boundaries might be an inter-
esting issue to solve. In the same direction, handling another level of het-
erogeneity with different core parameters (e.g. data width, address width,
endiannes, etc.) also is a key point to improve this work. The automatic
generation of downsizers or upsizer must be tackled by EDA tools, attaching
this modules, if necessary, to each NI according to IP specs at design time.
This core-centric feature will enlarge even more reuse, integrating hetero-
geneous cores at the moment to design NoC-based MPSoCs, enabling the
transparent communication among the cores of the system.
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CHAPTER 4

Runtime QoS support Through HW
and Middleware Routines

This chapter1 will introduce the extension of NIs and switches of the exist-
ing ×pipes NoC library in order to enable different types of QoS. Moreover,
in this chapter are also introduces the low-level QoS-support routines to ex-
ploit the QoS features from the application at runtime. Finally the aim is
to speed up real applications and synthetic benchmarks using this HW-SW
infrastructure.

4.1 Motivation and Challenges

The emerging and modern heterogeneous SoCs or MPSoCs design consists
of many different components and IP blocks (i.e. mix of general purpose
processors, memories, DSPs, multimedia accelerators) interconnected by
a NoC. These components can exhibit disparate traffic characteristics and
constraints, such as requirements for guaranteed throughput and bounded
communication latency. The problem is further compounded by the recent
trend towards digital convergence, software-upgradeable devices and the
need for dynamic power management. Chips are going to be used in vari-
ous application scenarios, also called use cases or scenarios (for example, 3G
connectivity as opposed to video gaming); their firmware and application
code could be updated over the device’s lifetime; and the various IP blocks
may operate at different performance points. Each of these effects implies
additional unpredictability of the on-chip traffic patterns, possibly render-

1The author will like to acknowledge contributions of all ×pipes development team but
specially to Dr. Federico Angiolini
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ing their static characterization impractical or overly conservative.

At design time, to provide certain QoS, designers with EDA tools of-
ten tend to overdimension the NoC backbone to fulfill the overall applica-
tion requirements. However, this approach is suboptimal, and therefore,
it should be merged with runtime QoS facilities to enable load balancing,
prioritizing or exclusive access if the application requires it. It is, therefore,
essential for a NoC system to support Quality of Service (QoS) through an
efficient transport services while not resorting to resource overprovisioning,
as is common in large area networks. Thus, different levels of QoS, i.e. Best-
Effort (BE) and Guaranteed Services (GS), should be available to applications,
allowing designers to carefully allocated communication resources for high
throughput or low latency traffic classes in a prioritized manner, but at a
minimal power and area costs.

As an example, many designs nowadays require specific guarantees for
particular data flows. For example, even if some of the chips can operate on
a best-effort basis (results should be provided as quickly as possible but
without a real performance bound - e.g. the time to browse an address
book), some parts of it may require a stringent ”guaranteed” requirement
(results should be available within a maximum time - e.g. the time to play
back the next video frame when watching a movie). The design of inter-
connects which mix BE and GS is a research challenge which is still very
open.

In traditional networks [72, 133] many techniques can be applied to pro-
vide QoS, but this scenario changes radically when designing NoC-based
MPSoCs due to largely different objectives (e.g. nanosecond-level latencies),
opportunities (e.g. more control on the software stack) and constraints (e.g.
minimum buffering to minimize area and power costs). QoS for NoCs is
impracticably implemented only in hardware, due to the large and hard-
to-determine number of possible use cases at runtime; a proper mix of
hardware facilities and software-controlled management policies is vital to
achieving efficient results.

This facility must be controllable by the software stack to tolerate soft-
ware updates over the lifetime of the chip, to make incremental optimiza-
tions possible even after tape-out, and to allow for different operating
regimes as the use cases alternate at runtime.

Therefore, applications and/or the programming environment chosen
for their development/execution should have some degree of control over
the available NoC services. In this way, the application programmer or the
software execution support layer (either an OS, a custom support middle-
ware or runtime environment) can exploit the hardware resources so as to
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meet critical requirements of the application and, more in general, speedup
the execution while fitting a limited power budget. The access to the NoC
configuration should be mediated by an easily usable API, should be low-
overhead in terms of computation cycles, and should be compatible with
mainstream multi-core programming approaches.

4.2 Related work

The NoC research community is focusing on a variety of design issues con-
cerning heterogeneous NoC design, such as those presented in [58] (e.g.
channel width, buffer size, application or IP mapping, routing algorithms,
etc), as well as the design of Network Interfaces (NIs) for different bus-
based protocols (e.g. AMBA/AXI [14, 32], OCP-IP [12]), adding virtual
channels [98, 168] to improve the latency, designing efficient application-
specific or custom topologies automatically [169], and bringing these de-
signs towards different VLSI technologies, such as 65nm [170]. Despite, not
a lot of effort has been made to study how to support low-cost QoS making
it available at runtime across the software stack from application to packets.

Previous works to provide different levels of QoS at the hardware level
are presented in [87, 135] where a complete NoC framework named QNoC
is designed to split the NoC traffic in different QoS classes (i.e. signalling
for inter-module control signals, real-time for delay-constrained bit streams,
RD/WR that model short data access and block-transfers for handling large
data bursts), but more work would be needed to expose these facilities
across the software stack.

The work presented in [171] tries to combine BE and GT streams by han-
dling them with a time-slot allocation mechanism in the NoC switches. A
clockless NoC that mixes BE and Guaranteed Services (GS) by reserving
virtual circuits is reported in [67, 91]. In addition, in [88, 172, 173] the au-
thors claim to combine GT and BE in a efficient way, taking into account the
required resource reservations for worst-case scenarios. Another generic
approach following the idea offered in [87] about traffic classification is
demonstrated in [79, 169, 174]. These works show a methodology to map
multiple use-cases or traffic patterns onto a NoC architecture, satisfying the
constraints of each use-case.

However, all these straightforward solutions are unfortunately expen-
sive in terms of silicon requirements (area, power, frequency), while also
being complicated to exploit at higher levels of abstraction (e.g. devising a
set of use cases, accounting for application dynamism, etc.).

Very recently, the work presented in [175] introduce a method to manage
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QoS at the task level on a NoC-based MPSoC, and in [176, 177], the authors
report a detailed model on how to enable application-performance guaran-
tees by applying dataflow graphs, as well as aelite, a NoC backbone based
on Æthereal with composable and predictable services.

Our contribution is similar to these previous works, and but we focus
on the actual viability of the hardware implementation by ensuring a rea-
sonable hardware cost of QoS features at NoC level. Moreover, the work re-
ported in [175] has been validated with a synthetic or custom traffic, while
we leverage on a full functional MPSoC virtual platform [54] as we will
show in Section 6.8 on page 166.

In this work, basically we are going to offered end-to-end QoS by:

• Best-Effort (BE): this services make no commitments about QoS. They
refer to the basic connectivity with no guarantees. Such a service
is provided using first-in, first-out (FIFO), or first-come, first-served
(FCFS) scheduling based on Fixed Priorities or Round Robin (RR) arbi-
tration scheme on the channels in each switch as in ×pipes, or even
dynamically based on the NoC workload [178].

• Differentiated Services: splits the network traffic into several classes
each with different requirements regarding data delivery. In this work
a priority scheme (e.g. high or low priority packets) is implemented.
Packets are treated according to the class they belong to. This QoS fea-
tures is also known as soft QoS, because there is not hard guarantees
are made for individual flows.

• Guaranteed Throughput (GT): this services ensure each flow has a ne-

gotiated bandwidth regardless of the behaviour of all other traffic.
This type of QoS is performed by doing a circuit switching or TDMA
technique on the channel in order to ensure end-to-end exclusivity
access to the resources through reservation/release policy. Provides
hard guarantees (e.g. real-time) in terms of deterministic latency and
bandwidth on each specific flow.

In summary, our contribution is to implement low-level QoS features
(i.e. a priority scheme and the allocation/releasing of end-to-end circuits)
with a reasonable implementation cost. Then all QoS features will be ex-
posed through the a lightweight low-level and middleware API (for dif-
ferentiated services and GT traffic) across the software stack all the way
up to OS layer, runtime environment, and application layers. This work
enable the runtime provisioning of QoS to specific flows at application or
task level, or event using QoS features through a global communicator or
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scheduler/broker/supervisor which works at higher level, as is reported
in [179, 180].

A similar approach to the actual work, in terms of middleware APIs, is
reported in [181], where a NoC Assembler Language (NoC-AL) is proposed
as an interface between NoC architectures and services, but mainly focus to
support power management instead of runtime QoS.

4.3 NoC-level QoS Design

Homogeneous, but specially next generation heterogeneous NoC-based
MPSoCs will run concurrently multiple applications according few use
cases with different requirements, in terms of bandwidth and latency
bounds. Hence, it is crucial to provide QoS features at NoC-level. Despite
this fact, this work goes further, and it tries to enable this QoS present on
the NoC backbone, as NoC services to the application or even on top of the
parallel programming model.

We designed a low-cost NoC-level QoS features based on a priority
scheme (to fit few use cases) in order to classify several types of traffic,
and we also enable the capability of reserving channels to ensure end-to-
end bandwidth or latency for certain traffic between specific IP cores on the
NoC-based system. Thus, this work tries to support NoC services by com-
bining BE and GT, as well as differentiated services, but without impacting
a lot on the design of hardware components (in terms of area and power
consumption).

In this work, we design NIs and switches to allow the capability of re-
serving channels or bandwidth for certain traffic or arbitrating packets with
different priorities set by the application or the programming model.

Rather than a costly table-based TDMA [88, 103, 171] or virtual chan-
nel scheme [98], both QoS features have been designed thinking on its real
hardware implementation or prototyping. Thus, a low cost priority scheme
not based on virtual channels (instead parallel link can be deployed), and a
guaranteed services based on channel reservation.

From the hardware point of view, a set of components have been re-
designed using Verilog RTL to extract synthesis results, but also an equiv-
alent SystemC™ RTL modules have been implemented to be included on
MPARM [54] cycle accurate simulator through ×pipescompiler [69]. This
will allow to explore the designed QoS in conjunction with software compo-
nents (i.e. middleware routines, OS and the parallel programming model)
using a virtual platform.

To disclose the QoS features at higher levels as NoC services, and to
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enable runtime changes on the NoC backbone, we face a design at NoC level
by extending the basic elements of ×pipes NoC library: (i) on the Network
Interfaces (NIs) and (ii) within the switches.

4.3.1 Trigger QoS at Network Interfaces

The aim on design QoS features on the NIs is to expose them towards higher
levels of abstraction. On NI, concretely on the NI initiator, the main target is
to identify which type of QoS is requested by the processor, accelerator, etc,
but also its programmability and reconfiguration at runtime.

On initiator NIs, a set of configuration registers, memory-mapped in the
address space of the system are used to program the different levels of prior-
ity. These registers can be programmed to assign different levels of priority
on each individual packet at runtime.

When the application demands a given QoS feature, the NI tags header
packets in a suitable manner. To do this, an extension on the packet header
presented in Section 3.5.1 on page 68 has been done. Figure 4.1(a) on page 92
shows the new packet format, and in Listing 4.1 we present the possible QoS
encodings embedded on QoS field it, concretely, within the 4-bit QoS field.

Listing 4.1: QoS encoding on header packets
// Priority levels
#define ENC_QOS_HIGH_PRIORITY_PACKET_0 4’b0000
#define ENC_QOS_HIGH_PRIORITY_PACKET_1 4’b0001
#define ENC_QOS_HIGH_PRIORITY_PACKET_2 4’b0010
#define ENC_QOS_HIGH_PRIORITY_PACKET_3 4’b0011
#define ENC_QOS_HIGH_PRIORITY_PACKET_4 4’b0100
#define ENC_QOS_HIGH_PRIORITY_PACKET_5 4’b0101
#define ENC_QOS_HIGH_PRIORITY_PACKET_6 4’b0110
#define ENC_QOS_HIGH_PRIORITY_PACKET_7 4’b0111

// Open/close circuits
#define ENC_QOS_OPEN_CHANNEL 4’b1000
#define ENC_QOS_CLOSE_CHANNEL 4’b1001

The 4-bits of the QoS field let us to design until 8-level priority scheme
to classify different types of traffic within the system. Thus, the level 0 has
lowest priority, and level 7 is the most prioritized on the NoC architecture.
To program a priority packet two phases must be performed; first, a NI pro-
grams the transaction to the specific configuration register with the priority
level required, and afterwards, one or more real transactions or packets with
the actual data. The actual priority scheme implementation is done in each
switch depending on the channel request and the priority level embedded
on the packet.

On the other side, to trigger the opening and closing of circuits in order

90 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



4.3. NoC-level QoS Design 91

to block/release channels for a certain period of time, ”fake” transactions
should be performed, in the beginning and in the end, in order to notify the
switches. This mechanism is based on the emulation of a circuit switching
on top of a wormhole packet switching scheme.

The normal behaviour to open/close an exclusive transmission/recep-
tion guaranteeing QoS is done in three phases:

(1) Open the circuit (unidirectional or bidirectional ”fake” transaction).

(2) Perform a normal stream of transactions or packets over the NoC under
GT conditions.

(3) Close the circuit (unidirectional or bidirectional ”fake” transaction).

The packet format for these ”fake” requests and responses transactions
are shown in Figure 4.1(b) and Figure 4.1(c) on the following page. In
addition, to treat this ”fake” transactions as special, two specific addresses
inside the memory-mapped space of each slave have been specified on the
NoC-based MPSoC. These special addresses, where ”fake” transactions
must point, are placed on MSB bits of the slave memory address space.
This is because the MSB byte of the address is used in ×pipes to select a
slaves on the NoC-based system. Thus, we choose the next consecutive
bits at then end of the slave memory space avoiding the overlapping with
the useful address space of the IP core. Next, we have an example, how-
ever, this is a configurable parameter that can be fixed as long as is required.

#define OPEN CHANNEL ADDRESS 0x00E00000

#define CLOSE CHANNEL ADDRESS 0x00F00000

As shown in Figure 4.1(b) and Figure 4.1(c) on the next page, the pack-
ets of the ”fake” transactions have been simplified to minimize the over-
head on transmit them. Only the route, source, address and command fields
together with the QoS field are necessary to establish or release a channel
between nodes. The minimization is based on the non-necessity to transmit
any payload data, but also, it is not necessary to transmit the information
related to burst as long as we consider that open/close transactions must
be like single request transaction. The command filed is used at the initiator
NI to know whether the channel is going to be established to perform uni-
directional (write transactions) or bidirectional/full duplex (write and read
transactions) traffic.

The latency overhead (in clock cycles) to establish or release a chan-
nel during the emulation of circuit switching on ×pipes wormhole packet

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 91



92 4.3. NoC-level QoS Design

P
R

O
T

E
C

T
IO

N

B
U

R
S

T
 

L
E

N
G

T
H

B
U

R
S

T
 

S
E

Q
U

E
N

C
E

P
R

E
C

IS
E

 

B
U

R
S

T

B
Y

T
E

 E
N

A
B

L
E

C
O

M
M

A
N

D

ADDRESS SENDER

Q

O

S

ROUTE

(a) QoS header packet format

C
O

M
M

A
N

D

ADDRESS SENDER

Q

O

S

ROUTE

(b) Open/Close circuit fake packet format

SENDER

Q

O

S

ROUTE

(c) QoS Packet format on
responses

Figure 4.1: QoS extension on the header packets

switching NoC is determined by the time to setup a request (see Equa-
tion 4.1), a response (see Equation 4.2) in conjunction with the number of
hops that ”fake” packets take to traverse from the source to the destination
on the NoC.

request channel =
request packetwidth

FLITwidth

+ Numberhops (4.1)

response channel =
response packetwidth

FLITwidth

+ Numberhops (4.2)

where Numberhops is number of switches that the ”fake” packet must tra-
verse on the NoC-based system assuming 1 clock cycle to forward a flit in
each switch. On the other hand, request packetwidth and response packetwidth

is the number of bits of the request and response header fields of each type
of packet.

request packetwidth = ROUTEwidth + QOSwidth + SOURCEwidth +

ADDRESSwidth + COMMANDwidth

response packetwidth = ROUTEwidth + QOSwidth + SOURCEwidth

The total overhead in clock cycles to open and close a circuit is exactly the
same, since we are using the same packet format just changing the QoS bits.
However, the overhead is totally different depending whether we require to
open/close a circuit in unidirectional (write commands) or in bidirectional
or full-duplex mode (write and read commands). A quantification of this
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overhead is computed in Equation 4.3 and Equation 4.4, respectively, by
using the previous formulas presented in Equations 4.1, 4.2.

circuit uni = 2 ×
request packetwitdh

FLITwidth

(4.3)

circuit bid = 2 ·
request packetwidth

FLITwidth

+ 2 ·
response packetwidth

FLITwidth

(4.4)

As shown in Equation 4.1, the overhead under unidirectional traffic is
twice the time to transmit request packets in order to open and close the
circuit respectively. In bidirectional QoS, is slightly different, on the Equa-
tion 4.4 the round trip time (from source to target, and the opposite direc-
tion) is defined adding the overhead to send the response packet on the
response channel.

Obviously, a part from the modifications at packet level, all FSMs on each
NI submodule (i.e. ni request, ni rereceive, ni resend, ni response) have been
extended adding a new special state to absorb these ”fake” transactions.
Within these special states, the transactions are treated as dummy trans-
actions avoiding the generation of non-desirable traffic to/from the target
slave.

It is important to notice, however, that the QoS tags must be included
on the first flit of the packet header in order to route and grant the pack-
ets according the QoS on each switch. As a consequence, in our imple-
mentation, the flit width must follow the following rule, FLITwidth ≥

ROUTEwidth + QOSwidth.

4.3.2 QoS Extensions at Switch Level

The switch is the key element to lower congestion and improve performance
by providing buffering resources, but also is the main hardware component
to tune in order to support QoS on the NoC backbone. Its function is to
route packets between two endpoint within the NoC.

As shown in Figure 4.2 on the following page, the main blocks of the
switch are:

• The crossbar provides fully connectivity among the input and output
ports.

• The routing block is in charge to perform the algorithm to route pack-
ets, mainly using XY-YX for Mesh-based NoCs. Although, since
×pipes performs source routing, the switch does not include routing
LUTs.
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• The flow control block implements a credit based (i.e. stall&go) or
handshake (i.e. ACK/NACK handshake scheme) flow control pro-
tocol in conjunction with control signals from buffers.

• Input and output buffers are simply an optimized FIFO or registers to
store flits during the forwarding of the packets. However, the size of
them is the main trade-off to lower congestion and improve perfor-
mance on the interconnection.

• The arbitration module is attached to each output port to resolve con-
flicts among packets when they overlap in requesting access to the
same output link.

In ×pipes, switches can be fully parameterized in terms of number of
input and outputs independently, flit width, and buffer capacity as input
and output FIFOs, according the selected flow control protocol.

Figure 4.2: Architecture overview of ×pipes switch

From QoS point of view, the main important module is the arbiter, which
can be configured on a BE basis for fixed-priority or round-robin policies.
In this work, we extend the BE behaviour of the allocator/arbiter block,
enabling up to 8-level of priority which is enough to deal with the different
use case present in MPSoC, and guaranteeing GT, through the establishment
and releasing of exclusive circuits in case it is necessary.

In Figure 4.3(a) on the next page is shown a block diagram of a a general
allocator/arbiter of N ports and M levels of priority. The following modifi-
cation have been done in this module:

• Include a QoS detector logic.

• Adding a flip-flop register (i.e. qos channel) to store whether the
connection is established or not.
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• Extending the arbitration tree policy based on fixed priority to enable
multiple levels of priority.

• Modify the grant generation using a priority encoder based on the se-
lected priority level, or the qos channel register.

On the allocator (see Figure 4.3(a)), in QoS detector is identified which
QoS is requested for an specific packet or flow. The QoS field is parsed
by selecting the proper range of bits of the first flit of the request
header packet. As long as the QoS bits are related to circuit reserva-
tion, and depending on its codification (i.e. ENC QOS OPEN CHANNEL or
ENC QOS CLOSE CHANNEL), a set up or tear down of the circuit is done
by updating the value on QoS channel FF register (’1’ if is established and
’0’ if not). The value of this register is used on the arbitration process to
grant the next packet. Once the circuit is established, when the QoS bits
are equal to ENC QOS OPEN CHANNEL, all the other flows will be blocked
until the QoS detector identifies a tear down packet with QoS bits equal
to ENC QOS CLOSE CHANNEL. Once the circuit is released other flows can
progress because the allocator will grant them under BE basis.
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(b) Priority arbitration tree

Figure 4.3: Allocator block diagram & arbitration tree

On the other side, when multiple packets simultaneously request the
same channel on the switch, the allocator grants them using a fixed priority
scheme. This rigid behavior have been modified to enable soft-QoS, and
whenever the QoS detector identify a priority packet (level different from 0)
tagged by NI initiator, the allocator will grant it using the priority level em-
bedded on the request header packet (see Figure 4.1(a) on page 92). The
arbitration tree reported in [72] has been extended as shown in Figure 4.3(b)
for each port of the switch. Depending on the simultaneously requests (in-
ferred using the control lines), the assigned priority levels, in conjunction
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with a M level priority encoder, the arbitration tree will produce the grant
signal.

On both schemes, depending on the grant and the selection output
signals, the switch will choose the output control, and the flit that must go
through by using a final multiplexer stage.

However, it is important to remark, that any packet with priority dif-
ferent than 0 has more priority than open/close ”fake” packets, or in other
words, GT circuits are created and removed with BE packets that reserve a
path through the NoC. Despite this fact, once the circuit is established, the
switch will not grant any packet, even if it is very high priority one, until the
circuit and the channel is released. Furthermore, the proposed QoS guaran-
tees in-order packet delivery for streaming connections. This is important
since packet re-ordering at NI or switch level is impractical on NoCs, first
due to the overhead to include additional buffers, and second, because it
will increase the packet delivery latency.

4.4 Low-level QoS-support API and Middleware
Routines

In order to exploit QoS features in an efficient way, a set of low-level QoS
API have been implemented in order to interact with the NIs. These low-
level functions interact directly with the NIs and are extremely lightweight
(only few assembly instructions) and therefore their execution only takes
few clock cycles. In Listing 4.2, we describe the functions of which the low-
level QoS API is made up.

Listing 4.2: Low-level middleware NoC services API
// Set up an end-to-end circuit
// unidirectional or full duplex (i.e. write or R/W)
inline int ni_open_channel(uint32_t address, bool full_duplex);

// Tear down a circuit
// unidirectional or full duplex (i.e. write or R/W)
inline int ni_close_channel(uint32_t address, bool full_duplex);

// Write a packet with a certain level of priority to a specific address
inline int ni_send_priority_packet(uint32_t address, int data, int level);

// Receive a packet with a certain level of priority from an specific address
inline int ni_recv_priority_packet(uint32_t address, int *data, int level);

The purpose of ni open channel() and ni close channel() is
to open/close the circuits through the ”fake” transactions explained be-
fore. This functions receive as parameters, the address of the target, and
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a boolean to specify whether the circuit will be established for unidirec-
tional (write) or full duplex (write and read) traffic. The other two rou-
tines, ni send priority packet() and ni recv priority packet()
are used to send/receive 32-bit data width according to the priority level
to/from an address on the NoC-based system, respectively.

Using a translation table on the NoC-based system, the low-level
functions have been encapsulated and extended to manage the priorities
and circuits at high levels between any arbitrary source and destination
nodes on the NoC-based system. These QoS middleware functions are
shown in Listing 4.3.

Listing 4.3: QoS middleware functions

// Set high-priority in all W/R packets between an
// arbitrary CPU and a Shared Memory on the system
int setPriority(int PROC_ID, int MEM_ID, int level);

// Reset priorities in all W/R packets between an
// arbitrary CPU and a Shared Memory on the system
int resetPriority(int PROC_ID, int MEM_ID);

// Reset all priorities W/R packet on system
int resetPriorities(void);

// Functions to send a stream of data with GT (unidirectional)
int sendStreamQoS(byte *buffer, int length, int MEM_ID);

// Functions to receive a stream of data with GT (full-duplex)
int recvStreamQoS(byte *buffer, int length, int MEM_ID);

Thus, to deal to reset with priorities, setPriority(),
resetPriority() are used to enable assigning a priority level or
disable the priority level between two NoC nodes at runtime. An addi-
tional middleware routine, resetPriorities(), has been included to
initialize and restore all flows to non-prioritized traffic removing all priority
levels previously assigned.

In sendStreamQoS() and recvStreamQoS() a circuit is formed from
source to destination nodes by means of resource reservation, over which
data propagation occurs in a contention-free regime. In sendStreamQoS()
because the traffic is only from source to target, the circuit is open in uni-
directional, while in recvStreamQoS() the reservation of the channel is
done in both directions allowing GT on the reception of the stream.

For further information about the use of this functions refer Section 6.8
on page 166, where they are used to apply QoS on OpenMP parallel regions
boosting and delaying threads on the parallel programming model.
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4.5 QoS Verfication and Traffic Analysis

In this section we perform functional verification and simulation under dif-
ferent traffic using the QoS features explained before. The aim is to ascer-
tain the correct behaviour under different scenarios of the QoS features at
NoC level, as well as to verify the interaction of low-level and middleware
functions when complex transactions patterns are generated from software
applications.

We use MPARM [54], a cycle-accurate modeling infrastructure to in-
vestigate the system-level architecture of MPSoC platforms. MPARM is a
plug-and-play platform based upon the SystemC [45,46] simulation engine,
where multiple IP cores and interconnects can be freely mixed and com-
posed. At its core, MPARM is a collection of component models, compris-
ing processors, interconnects, memories and dedicated devices like DMA
engines.

The user can deploy different system configuration parameters by means
of command line switches, which allows for easy scripting of sets of simula-
tion runs. A thorough set of statistics, traces and waveforms can be collected
to analyze performance bottlenecks and to debug functional issues.

In terms of interconnect, MPARM provides a wide choice, spanning
across multiple topologies (shared buses, bridged configurations, partial or
full crossbars, NoCs) and both industry-level fabrics (AMBA AHB/AXI [14,
32], STBus [28]) and academic research architectures (×pipes [52,53,69]). On
top of the hardware platform, MPARM provides a port of the uClinux [143]
and RTEMS [182] operating systems, several benchmarks from domains
such as telecommunications and multimedia, and libraries for synchroniza-
tion and message passing.

Using MPARM, we developed a SystemC cycle accurate model of 4-
core NoC-based MPSoC architecture using the custom topology presented
in Figure 4.4 on the next page. The NoC-based system have been configured
using ×pipes compiler as follows:

• Three switches of 5x5 ports.

• Four ARM processors with its private memories placed from 0x00-
0x04.

• A shared memory, semaphore and an interrupt device placed at 0x19,
0x20 and 0x21 on the system address space, respectively.

• All QoS features developed in this chapter (QoS NIs and extended
switches).
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• The NoC uses wormhole packet switching, stall&go flow control, and
fixed priority arbitration if not priority packet is requested.
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Figure 4.4: Topology 5x5 clusters NoC-based MPSoC

In order to validate our QoS support in the previous architecture, we
develop a full function verification framework to demonstrated the strength
of the designed QoS. From each processor, we inject continuously traffic
towards the shared memory placed at address 0x19, which automatically
will generate congestion on the NoC backbone. Four different scenarios
have been tested:

• Scenario 0: No priorization traffic.

• Scenario 1: Only CPU 0 traffic is not prioritized.

• Scenario 2: the right cluster (i.e. CPU 2, CPU 3) traffic is prioritized,
over the cluster on the left (i.e. CPU 0, CPU 1).

• Scenario 3: Only CPU 3 traffic is prioritized.

The results are shown in Figure 4.5 on the following page. On scenario
0, the order of completion of the CPUs is: 0, 1, and then 2, 3. This is because,
no traffic priorization have been defined using the middleware routines,
and therefore, the fixed priorities defined in the switches (see Equation 4.5)
are resolving the concurrent access to the shared resource.

CPUP0 > CPUP1 and CPUP2 > CPUP3 (4.5)

and the cluster on the left, has more priority than the right cluster, on the
switch 2.
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On scenario 2, when all processors are prioritized except CPU 0, we can
see the influence of changing at runtime the priorities because all processors
finish before CPU 0. On scenario 3, we simulated a similar approach, revers-
ing the fixed priorities, so that the cluster on the right has more priority than
the one on the left. As expected, CPU 2, CPU 3 finish before CPU 0, CPU 1,
in contrast to scenario 0. On scenario 3, we assessed the effect to prioritize
only CPU 3. As we can observe, CPU 3 finishes first, almost at the same time
that CPU 0 and CPU 1, but the collateral effect, is that CPU 2 is delayed since
it is always less prioritized when it competes with the rest of processors.
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Figure 4.5: Validation and traffic priorization under different scenarios

4.6 Synthesis results

In this section, a quantification of the overhead, in terms of resource usage,
and degradation of the circuit performance, in terms of fmax of the imple-
mented QoS features is reported by doing a synthesis of the components on
different FPGAs devices2.

A detailed quantification have been done at two levels: (i) at NI level,
(ii) at switch level, comparing the circuit blocks with and without the QoS
extensions. The components have been fixed to 32 bits for flit width, as well
as addresses and data buses, while the switches have been configured under
a minimal buffer capabilities (2 flits input buffers).

2The results have been extracted using Synplify® Premier 9.4 [167] to synthesize each
component on different FPGAs without any optimization. VirtexII (xc2v1000bg575-6) and
Virtex4 (xc4vfx140ff1517-11) from Xilinx, and StratixII (EP2S180F1020C4) and StratixIII
(EP3SE110F1152C2) from Altera.
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Note that all synthesis reported in the next sections are before place-and-
route without any optimization. After layout, normally the area increases
and the maximum frequency drops.

4.6.1 QoS Overhead at Network Interface

The QoS features have been implemented on the AMBA 2.0 AHB network
interfaces presented in Chapter 3 on page 57 but also on the OCP network
interfaces already present in ×pipes [52, 53].

At first glance in Figure 4.6, it is easy to observe that, the major overhead
at NI level is present on ni request module. This result is easy to understand,
since we include on it the mechanism to trigger QoS packets (a QoS encoder,
which codify the bits of QoS field) using a set of configuration registers, as
well as several changes on the request FSM to generate the ”fake” transac-
tions.

On the remaining modules, such as ni receive, ni resend, ni response, the
QoS extensions do not impact significantly, since only small changes have
been done on the FSMs of each module.
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Figure 4.6: AMBA – OCP Network Interfaces (QoS vs. noQoS)
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However, even if the trend on OCP NIs (see Figure 4.6(c) and Fig-
ure 4.6(d) on the previous page) is similar as in the AMBA 2.0 NIs (see
Figure 4.6(a) and Figure 4.6(b) on the preceding page), the overhead is a
little bit more significant on the OCP NIs, specially on ni request.

A summary in each FPGA of the effect to include QoS extensions for
AMBA 2.0 AHB and OCP NIs are presented in Figure 4.7(a) and in Fig-
ure 4.7(b), respectively. Thus, computing the average, we can affirm that the
extended AHB NIs with QoS has around 12% overhead area costs, whereas
for OCP NIs this overhead increase until 27%. However, the area resources
overheads can be assumed since the percentages are related to NoC compo-
nents of hundred LUTs, and therefore, at the end of the day, we are talking
about less than tens LUTs of overhead.

In contrast, as shown in Figure 4.7, the fmax degradation of the circuitry
of both NIs can be strictly considered negligible since the average among
the FPGA devices is around 0%. Surprisingly in some cases, for instance
in Virtex4 FPGAs, the synthesis give better fmax for the extended NI with
QoS than without, even if a priori, the QoS NI is a little bit more complex.
In addition, normally, the critical paths are on switches, and therefore, the
fmax at NI level is not specially very critical.
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Figure 4.7: QoS impact (LUTs, fmax) at NI level (AMBA-OCP)

4.6.2 QoS Overhead at Switch Level

In this section, we focus on explore the synthesis results carried out on mul-
tiple switches by increasing the cardinality in order to evaluate the QoS
overhead in different FPGA devices. Because the implemented QoS fea-
tures is strongly dependent on the port number, as commented before, we
configured the switches with multiple arities, fixing the flit width 32-bits.
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In Figure 4.8 we show the synthesis results (LUTs, fmax) of multiple
switch configurations with and without the QoS extensions3. As expected,
without QoS, the behaviour in all figures reflects that when the switch radix
increase the area increases, and the frequency drops. The same behaviour
can be extracted from the plots showing switches with QoS extensions.
However, when QoS is included, it is easy to observe that, the increment
is exponentially, and the frequency drops, but not dramatically.
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Figure 4.8: Switch synthesis varying the arity (QoS vs. noQoS)

A summary of the results computing the average area overhead and the
decrease of the operating frequency among each switch configuration in
each FPGA device is reported in Figure 4.9 on the following page. As shown
in Figure 4.8(a), the fmax range on the fastest FPGA is comprised from 280,6
MHz and 143,2 MHz, among the smallest and largest switch configuration
without QoS, on StratixIII devices. Including the QoS extensions, on the
same FPGA, the fmax range drops to 247,5 and 128,8 MHz. As shown in Fig-
ure 4.9 on the following page, the operating frequency of the switch with
QoS drops between 11-20% in each FPGA device.

3QoS extension have been configured to support circuit reservation and only two levels
of priority.
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Similarly, comparing the area resources among switches with and with-
out QoS, as shown in Figure 4.9, the overhead is quantified between 23-28%
depending on the FPGA device.

Definitely, even if the area overhead and the frequency drop on the
switches can not be considered negligible, but the QoS extension certainly
can be considered a low-cost implementation, for its simplicity, avoiding the
use of virtual channels and complex table-based TDMA schemes to guaran-
tee latency and bandwidth, which increments the area resources on each
switch. Instead, a unified buffer priority scheme and the emulation of a
simple but well-known circuit switching on a wormhole packet switching
network have been implemented successfully.

-30

-20

-10

0

10

20

30

VirtexII Virtex4 StratixII StratixIII%
 p

e
rc

e
n

t

LUTs Fmax

Figure 4.9: QoS impact (fmax, LUTs) at switch level

However, next in Figure 4.10 on the facing page we explore more in deep,
the scalability varying the number of priority levels on each of the switch
configurations presented in Figure 4.8 on the previous page. As expected,
when 8 priority levels are used, the area costs increments considerably, con-
cretely, the area resources are incremented close to 100%, i.e. doubling the
area of the switch without QoS. Despite this fact, the area resources are mod-
erately quite closer when we 2 or 4 priority levels are use, ranging from 23-
40% in Virtex FPGAs. In Stratix the trend is similar, but now the overhead
and the range to include 2 or 4 levels is more wide going from 25-56% for
the worst case.

On the other side, in terms of fmax, as shown Figure 4.10 on the facing
page, the frequency drops fast when more levels of priority are included on
the switch. Despite this fact, the curve tends to stabilize when more than 8
levels are implemented. In fact, the possible scenarios, traffic classes or use
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cases, on the embedded domain can fitted using up to 8 levels of priority.

Thus, a priori, unless it is a very specific application, it will be not neces-
sary to extend the switch with more than eight levels of priority. In fact, it is
easy to observe that, the overhead to include 2 and 4 priority levels, even if
it is not negligible, can be assumed taking into account the potential benefits
to have runtime QoS on the final system.
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Figure 4.10: QoS impact (LUTs, fmax) according to the priority levels

4.7 Conclusion and Future Directions

NoC-based systems relies on a OSI-like protocol stack (see Section 2.1.7 on
page 31) which lets to include NoC services supported by hardware at NoC
level within the switch. In addition, our approach, is based to control the
QoS features from software layers (by transport layer at network interfaces)
until the application level and on the parallel programming model (see Sec-
tion 6.8 on page 166).

Predictability on homogeneous, but specially on heterogeneous parallel
NoC-based MPSoC needs to be addressed by providing a right mix of soft
and hard real-time guarantees.

Moreover, thanks to predictability, individual IP cores with a great va-
riety of traffic requirements can be more easily integrated on generic NoC-
based MPSoC. For instance, a multimedia real-time cores can be integrated
effortlessly with low rate UART I/O cores, facilitating the analytical verifi-
cation models.
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In this work, we introduced a complete framework to support QoS-
related features until the software layers. We develop a reasonable low-
cost QoS combining BE an GT at NI and switch level on the NoC backbone.
Additionally, a set of low-level and middleware functions are provided to
reconfigure the traffic behaviour on the NoC backbone whenever it is re-
quired. Based on both, the low-cost hardware design, and a lightweight
software implementation of the middleware API, we can achieve an ex-
tremely efficient runtime QoS reconfiguration support on our NoC-based
MPSoC.

This hardware-software infrastructure can be exploited effectively as
well by QoS managers or OS scheduler to steer NoC fabric, ensuring end-
to-end QoS, and reconfiguring it, in case of congestion.

Short term future work, is to include QoS on top of parallel program-
ming models. In fact, in Section 6.8 on page 166, the QoS extension at NoC
level have been integrated by means of QoS middleware API on a runtime
OpenMP library presented in [183]. Clearly, the next step in the same direc-
tion will be to extend our message passing communication library, ocMPI
(see Section 6.5 on page 146) to provide GT during message passing.

Future directions are to provide the rest of NoC services at runtime, such
as performance monitoring and tuning, DVFS and dynamic power manage-
ment, etc. As in this work, all these services must be made available through
hardware components and software libraries to reconfigure the chip as long
as is necessary based on software directives.
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CHAPTER 5

HW-SW FPU Accelerator Design on
a Cortex-M1 Cluster-on-Chip

This chapter1 will face a HW-SW design of a Floating Point Unit (FPU) on
a Cortex-M1 MPSoC cluster. A full-featured design at hardware level of a
FPU as a decoupled accelerator have been done in conjunction with a soft-
ware API to perform floating point operations in a transparent way from the
user point of view (i.e. without doing any changes on the ARM compiler).

5.1 Motivation and Challenges

To face the incremental design complexity in next generation NoC-based
MPSoCs, the efficient integration and reuse of IP cores is essential to inte-
grate high complex functionality on a single chip. However, this approach
imposes significant challenges, mainly on the field of the communication
between hardware and software components on the system.

Nowadays, most MPSoCs due to the inherent requirement to compute
complex software applications and kernels, make use of floating-point arith-
metic, whether for occasional calculations, or for intensive computation ker-
nels. The most relevant applications in the area of embedded systems are:

• Digital multimedia processing of high-quality audio and video.

• Digital signal processing tasks, particularly spectral methods such as
DCT/iDCT, FFT.

1The author will like to thanks contributions by Per Strid on Cortex-M1 Polygonos MP-
SoC platform, and John Penton on the development of Cortex-R4F processor, as well as the
rest of brilliant researchers that work at ARM R&D Department in Cambridge
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• 3D Gaming and graphic processing (computation of floating point
data sets within rotation, transformation, etc).

• Matrix inversion, QR decomposition, etc, in software defined radio or
wireless communications and radar kernels.

• In sophisticated control algorithms on embedded automotive applica-
tions.

• Computation intensive applications in real-time systems.

Often, in low-cost and non-critical performance systems, all these float-
ing point operations are emulated and executed using uniquely a floating
point software library without any hardware support. However, to achieve
high performance embedded computing, in next generation of embedded
MPSoCs architectures exist the clear requirement to implement them in
hardware rather than in software.

The IEEE Standard for Binary Floating-Point Arithmetic (IEEE 754) [184]
is the most widely-used standard (since 1985) for floating-point computa-
tion, and is followed by many CPUs, compilers and custom hardware FPU
implementations. The standard defines formats (see Figure 5.1 on the next
page) for representing floating-point numbers in single and double preci-
sion (i.e. including zero and denormal numbers, infinities and NaNs) and
special values together (such as ±∞ or ±0 values as shown in Figure 5.1(a)
on the facing page). The IEEE 754 representation is composed by three main
fields, (i) sign, (ii) exponent and (iii) mantissa. As shown in Figure 5.1(a)
and Figure 5.1(b) on the next page, depending on the precision the width
of these fields are slightly different. A set of floating-point operations (e.g.
add, subtract, multiply, division, square root, fused-multiply-add, etc) have
been defined robustly on top of this representation, as well as type conver-
sions (int to float, float to double, etc), and manipulation of the sign on these
values (e.g. abs, negate). The standard also specifies four rounding modes
when a floating point operations is performed:

(1) Rounding to nearest (RN): rounds to the nearest value; if the number falls
midway it is rounded to the nearest value above (for positive numbers)
or below (for negative numbers).

(2) Rounding towards +inf (RP): directed rounding towards +∞.

(3) Rounding towards -inf (RM): directed rounding towards -∞.

(4) Rounding towards zero (RZ): directed rounding towards 0 (also called as
truncation).
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and five exceptions, such as, invalid operation (e.g. square root of a negative
number), divided by zero, overflow/underflow (if a result is too large or too short
to be represented correctly) and inexact.

(a) IEEE 754 single precision

(b) IEEE 754 double precision

Figure 5.1: Single and double precision IEEE 754 representation

In this chapter, we will focus on the exploration of different alternatives
to integrate a floating point unit taking into account all hardware and soft-
ware issues.

We will first outline how we design in hardware an AMBA-based stan-
dalone FPU reusing an existing one targeted to accelerate floating point op-
eration for the Cortex-R4F processor [185]. We will then explain how to
integrate the FPU in a full-featured MPSoC cluster based on ARM Cortex-
M1 [186], the ARM soft-core targeted to FPGA devices. Finally, we will
explore the different methods to communicate the designed FPU with the
processor, under different scenarios, based on a crossbar or NoC backbones.

5.2 Related Work

Nowadays, FPGA platforms are emerging as HPC systems, in terms of
GFLOPS/Watts, implementing parallel double floating points coprocessors
to enable the concept of Green Computing [187,188] thanks to great amount
of embedded DSP blocks (i.e. adders, multipliers, etc.) integrated in last
FPGA devices.

In addition, main FPGA vendors such Altera or Xilinx offer the possibil-
ity to include custom hardware FPUs together with their soft-core proces-
sors. Altera offers the FPU as a custom instruction inside the Nios II pro-
cessor [20], and also the possibility to create standalone Altera Megafunc-
tion [189] (e.g. addition/subtraction, multiplication, division, logarithm,
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etc.) according with the floating point operation that has to be accelerated.
Xilinx provides an equivalent approach, the user can optionally integrate
a FPU on MicroBlaze or PowerPC [190] processors, or a custom floating
point operation [191]. Thanks to the use of soft-core processors, such as
Nios II [20] and MicroBlaze [18], and depending on the requirement of our
system, we can choose whether to integrate the FPU or not.

Other relevant FPU implementation is GRFPU, an AMBA AHB FPU
compliant with SPARC V8 standard (IEEE-1754) provided in conjunction
with LEON3 processor [16].

Generally, these FPUs can be integrated as a tight-coupled coprocessors
with each CPU to compute floating point operations purely in hardware,
and all of them are IEEE 754 compliant. Normally, they support single
or double precision addition, subtraction, multiplication, division, square
root, comparison, absolute value, etc, and sign change operations, as well as
built-in conversion instructions to transform from integer to floating point
types and vice versa.

Xtensa processors also provide these capabilities extending the base ISA
by using Tensilica Instruction Extension (TIE) [192,193] to add new features
as for instance AES/DES encryption, FFT and FIR operations, double pre-
cision floating point instructions. Thus, the processor can be tailored to a
particular set of SoC applications delivering high-performance and energy
efficiency at reasonable cost, becoming an ASIP-like processor.

In this work, we face a similar approach to the presented before to ac-
celerate the existing software emulation libraries using IEEE 754 floating
point representation. Thus, it is immediately apparent that there is value
in re-designing and reusing an existing FPU from ARM, concretely ARM
Cortex-R4 FPU, to be the FPU of Cortex-M1 processor, but also in a Cortex-
M1 MPSoC cluster on chip. In addition, from research point of view, there
are many important issues to explore:

• Hardware and software communication interfaces.

• Study the viability to share the FPU among several processor by ex-
ploring different synchronization methods.

• Test the performance of the hardware-software communication and
synchronization protocols.

• Atomic memory accesses on different interconnection fabrics.

• Cycle count comparison on the execution of different floating point
instructions.
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• Speedup between our FPU accelerator floating point functions versus
the existing software emulation ARM floating point library.

• Evaluate the increment in area when the HW floating point support is
included in the system.

In addition, since this dissertation is mainly focused on MPSoCs and
the evaluation of the interconnection fabrics, we provide analyses reporting
results under two alternative fabric architectures, i.e. an AMBA AHB ML
crossbar fabric [27], and on a ×pipes NoC backbone.

We believe that the implementation and experimentation of such a plat-
forms is crucial in the context of the main goal of this dissertation, i.e. the
assessment of the tradeoffs involved in the communication of hardware and
software components on MPSoCs, as well as, providing hardware support
during the execution of a floating points operations to achieve high perfor-
mance parallel embedded computing.

5.3 Cortex-M1 FPU Accelerator – HW Design

In the previous section, we listed the most important FPUs together with
the corresponding CPU mainly targeted to FPGA devices or to ASIC tech-
nologies, specially in case of GRFPU-LEON3, and the Xtensa TIE processors.
Next, we describe our proprietary design of a custom FPU accelerator based
on the existing on Cortex-R4F FPU. Our FPU accelerator will be targeted to
be included in conjunction with Cortex-M1 soft-core processor. However,
to face the hardware design of the FPU, two restrictions have been imposed
in order to preserve Cortex-M1 architecture:

• Must be done without doing any changes on the Cortex-M1 core, and
by extension to the ARM-v6M architecture.

• Must be completely independent from the ARM compiler.

Both restrictions imply that the FPU can not be tight-coupled on Cortex-
M1 architecture, inside the processor datapath, as it is done in Cortex-
R4F [185] CPU, and in the rest of the related work. In this work, the FPU
accelerator will be designed to be standalone and attached to an AMBA 2.0
AHB interconnection fabric (i.e. bus, crossbar or NoC backbone).

The Cortex-R4F processor’s FPU performs single and double floating-
point calculations that allow a greater dynamic range and accuracy than
fixed-point calculations. The FPU is IEEE 754 compatible and is backward
compatible with earlier ARM FPUs (VFP9/10/11). The implementation is
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optimized for the single precision (SP) processing without sacrificing dou-
ble precision (DP) support. The architecture is presented in Figure 5.2. Ba-
sically, the FPU architecture is embedded in the Cortex-R4 processor data-
path, using multiple stages of pipeline (fetch, decode, execution, and write
back), and it has also its own 32-bit register file. As it is tight-coupled with
the CPU, it makes use of the CPU ALU to execute integer external multi-
pliers necessary to perform floating point operations. The architecture is
divided in two parts: (i) a dual pipeline architecture for SP, and (ii) and uni-
fied compact pipeline for DP flating point operations. Since in this work we
will support SP operations, we will focus on analyze the dual SP pipeline
architecture.

INTEGER ALU UNIT

Pipe B

Multiply/Compare/Div/Sqrt

Pipe A

Add/Sub

Double Precision Block

. . .

. . .

. . .

Pipe A
Add/Sub

Pipe B
Multiply/Compare/

Div/Sqrt

aa[31:0]

ab[31:0]

ba[31:0]

bb[31:0]

ra[31:0]

flags_a[3:0]

rb[31:0]

flags_b[3:0]

dbz

. . .

. . .

. . .

NZCV

{inx,udf,ovl,inv}

Single Precision Block

Figure 5.2: Cortex-R4 Floating Point Unit (FPU)

As shown in Figure 5.2, the idea is to cut the single precision (SP) block
of this complex tight-coupled FPU to be reused as the back-end of our SP
FPU accelerator. In this work, we mainly focus on the front-end design, to-
gether with the integration and validation of the existing back-end, in order
to implement a SP FPU compatible with AMBA 2.0 AHB. The new design,
rather than a tight-coupled FPU, will be an AMBA-based memory mapped
standalone FPU accelerator for the Cortex-M1 (see Figure 5.3 on the facing
page). The front-end implementation includes the following features:

• An AMBA 2.0 AHB front-end interface, fully compatible with AMBA
2.0 AHB [14] or AHB ML standards [27].

• A simple memory register bank.

• An AMBA-based control unit.

• A semaphore to block/unlock exclusive access to the FPU.

• A micro-instruction decoder.
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• The external multipliers required.

Cortex-M1 AMBA 2.0 AHB FPU
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Figure 5.3: Cortex-M1 AHB SP memory mapped FPU accelerator

The AMBA AHB interface module is in charge to translate control and
data AHB transactions from the CPU towards our FPU. Since the FPU will
be attached upon AMBA-based systems, a FSM will be designed as a control
unit of the FPU. This control unit will supervise the CPU-FPU protocol pre-
sented in Section 5.4 on page 116, by asserting/de-asserting properly the
control lines to/from the other blocks in our SP FPU accelerator. To sup-
port the same features as the tight-coupled ARM FPU, in our standalone
design an equivalent register bank have been included. The register bank
of the FPU is presented in Figure 5.4. It consists on multiple R/W registers
memory mapped on the address space of the designed SP FPU accelerator.
This front-end has the same features as its tight-coupled version, and it is
extremely slim and latency efficient, since it only takes one cycle delay for
writes, and two cycles for read operations on the register bank.

FPSID (32-bit RO)

FPSCR (32-bit RW)

FPEX (32-bit RW)

FP Operand A (32-bit WO)

FP Operand B (32-bit (WO)

AddressBase + 0x0

AddressBase + 0x4

AddressBase + 0x8

AddressBase + 0xC

AddressBase + 0x10

FP Opcode (32-bit WO) AddressBase + 0x14

AddressBase + 0x18Result PipeA (32-bit RO)

Result PipeB (32-bit RO) AddressBase + 0x1C

Figure 5.4: SP FPU accelerator memory mapped register bank
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In our register bank within our AMBA-based SP FPU accelerator, we can
distinct logically two different types of registers:

• 32-bit registers to use as storage of floating point numbers.

• FPU system registers.

Basically, the registers to use with floating point operations are FP
Operand A, FP Operand B, used as write-only inputs operands, and two read-
only output result registers connected to each pipe, i.e. Result Pipe A, Result
Pipe B, which save the final result of the selected operation in FP Opcode
register. The FP Opcode register, shown in Figure 5.5, uses 9 bits to save the
opcode (i.e. FADDS, FSUBS, FMULS, FTOSIS, FDIVS, FSQRTS, etc.) dur-
ing its execution, and furthermore, it is used to configure two different flags
(i.e. default NaN or flush to zero), as well as one out of four rounding modes
specified in IEEE 754 floating point standard.

DEFAULT_NAN FLUSH_TO_ZERO ROUND_MODE OPCODE_INSTRUCTION

FP_OPCODE[12] FP_OPCODE[11] FP_OPCODE[10:9] FP_OPCODE[8:0]

Reserved

FP_OPCODE[31:13]

Figure 5.5: Floating Point OpCode register (FP Opcode) layout

The system registers (i.e. FPSID, FPSCR, FPEX) are used to configure
and examine the status of our SP FPU accelerator.

• Floating Point System ID register (FPSID): read-only 32-bit register
which stores ARM specific information (see Figure 5.6), such as the
variant and revision, if it is tight-coupled coprocessor or it use a SW li-
brary, and whether it supports single and double precision (D variant)
or not.

FPU_IMPLEMENTOR SNG ARCH PART VARIANT

FPSID[31:24] FPEX[20] FPEX[15:8] FPEX[3:0]

SW

FPSID[23]

FORMAT

FPSID[22:21] FPSID[19:16]

REVISION

FPEX[7:4]

Figure 5.6: Floating Point System ID register (FPSID) layout

• Floating Point Status and Control register (FPSCR): configuration and
status control register used to read/write 32-bit register used to check
NZCV conditions (i.e. less than, equal, greater than or unordered re-
sult) flags used in floating point comparisons, but also to examine
whether an exception occurs during the execution of a floating point
operation.
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NZVC INEXACT UNDERFLOW OVERFLOW DIVISION BY ZERO

FPSCR[0]

INVALID OPIFZ

FPSCR[1]FPSCR[2]FPSCR[3]FPSCR[4]FPSCR[9:6]

FPSCR[5]

Reserved

FPSCR[31:10]

Figure 5.7: Floating Point Status and Control register (FPSCR) layout

• Floating Point Exception Register (FPEX): read/write 32-bit register used
to deal with code exceptions through EX, and EN bits. Inside this reg-
ister, on the reserved bits for user defined implementation, we map
two special features of our SP FPU accelerator. We include an em-
bedded semaphore bit, i.e. FPU BUSY on FPEX[1], to enable the ca-
pacity to share the FPU in a MPSoC among different processors as
we shown in Section 5.6 on page 122, and another bit to check from
the CPU whether the floating point operation is finished or not, i.e.
DATA READY on FPEX[0].

EXbit ENbit Reserved FPU_BUSY DATA_READY

FPEX[31] FPEX[30] FPEX[1] FPEX[0]FPEX[29:2]

Figure 5.8: Floating Point Exception Register (FPEX) layout

On the other side, the back-end integrated in our SP FPU accelerator
is almost the same as used in Cortex-R4F, with a set of integer embedded
multipliers required for the core. Thus, as shown in Figure 5.2 on page 112,
the wrapped SP has been divided in two pipes, Pipe A and Pipe B. Pipe A
is for addition/subtraction and, Pipe B is used for multiplication, division,
square-root, as well as the comparisons and conversions among integer and
standard float C/C++ data types.

On pipe B, the multiplication is pipelined, but the division and the
square-root use an iterative algorithm stalling the pipeline of the FPU when-
ever is required. This issue cause the incompatibility to execute pipelined
multiplication and divisions. Thus, in our design, each floating point oper-
ation is not pipelined due to the fact that is connected through an intercon-
nection fabric rather in the CPU datapath.

On both pipelines, results are stored in the WR stage on a 32-bit register.
Moreover, the FPU also stores, in FPSCR register, the exceptions and flags
generating the corresponding value according to the operation executed on
the back-end.

This dual-pipe architecture of the back-end, and the slim and efficient
front-end will deliver the best performance area trade-offs when Cortex-M1
executes floating point operations using our SP FPU accelerator.
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5.4 HW-SW CPU-FPU Communication Protocol

As explained before, normally the FPU is embedded in the processor data-
path as a tight-coupled coprocessor. However, in our approach the SP FPU
accelerator is completely standalone and memory mapped on the system.
This architecture opens different alternatives when the CPU needs to issue
a floating point instruction and communicate to the external FPU accelera-
tor.

In Figure 5.9 on the next page, our CPU-FPU protocol at transaction level
is presented on an AHB-based system, whereas in Listing 5.1, we enumerate
the main points, consisting in six basic transactions.

Listing 5.1: CPU – FPU protocol definition

Step 0 - Check if the FPU is not busy (only if it is shared)
Step 1 - Transfer OperandA
Step 2 - Transfer OperandB
Step 3 - Transfer OpCode
Step 4 - Wait until the result is ready
Step 5 - Read flags (optional or by IRQs)
Step 6 - Read result

Principally, this CPU-FPU protocol can be viewed in three main group
of transfers:

(i) Check whether the FPU is busy or not computing the previous floating
point operation (Step 0).

(ii) FPU configuration (Steps 1-3), based on three 32-bit write transactions
involving the operands and the opcode of the floating point unit.

(iii) Wait until the result is computed, and afterwards collect it (Steps 4-6).

In (i), the principle is to enable the ability to share the FPU among several
processors in the system. This means that at any time, any processor or spe-
cific piece of hardware can issue a floating point instruction to our FPU, and
therefore, some synchronization is required. Furthermore, since the pro-
posed protocol in Listing 5.1 performs individual transactions to access and
configure the FPU, these transactions must be atomic in order to avoid other
CPU access the FPU meanwhile is computing. Normally, atomic memory
accesses are implemented by locking AHB bus. As long as one master locks
the bus, the arbiter does not grant it to any other master. Unfortunately, the
architecture ARM-v6M and by extension the Cortex-M1 does not support
exclusive access transactions which blocks the interconnection fabric.
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In our design, synchronization and atomicity have been provided us-
ing a traditionally lock-based method to support concurrent access to the
shared resource. This process restricts the independence of processes by
enforcing a certain order of execution between the consumer and the pro-
ducer. The synchronization is implemented using a semaphore embedded
in the FPEX register. In the simplest synchronization case, one or more pro-
cessors competing for our shared FPU resource may poll the semaphore
to gain resource access. Once, a CPU gets access to the FPU, it automati-
cally asserts the FPU BUSY bit (see in Figure 5.9 how FPEX value change to
0x40000002) to block other processors which potentially could try to require
access to that hared resource. When the floating point computation finish,
and after, the result has been read by the requesting CPU, the FPU unlocks
by de-asserting FPU BUSY bit. This process will ensure at the same time the
atomicity of the protocol enabling the shareability in a multi-core system.

Figure 5.9: CPU – FPU hardware-software protocol

On a NoC-based MPSoC, the synchronization and the memory access
atomicity can be done by blocking the NoC channel (inside each allocation
on the switch involved in the path) using the QoS features presented in Sec-
tion 4.3 on page 89. This QoS support enables exclusive transmission/re-
ception of memory transactions, and consequently, the granted master can
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perform atomic memory operations since no other processor will have ac-
cess to the FPU. Despite locked transfers are sometimes necessary, they do
not match well with scalable communication architectures where the arbiter
is distributed.

Once a particular CPU on the system has exclusive access to the FPU,
in (ii), the FPU is configured from that CPU by doing three write transac-
tions, involving the operands A and B, and the opcode of the floating point
instruction (see Steps 1-3 on Figure 5.9 on the preceding page).

Finally, from hardware-software communication point of view, in (iii),
the notification and its posterior result collection can be performed using
different HW-SW methods. The internal architecture (based on the block
diagram in Figure 5.2 on page 112) of our Cortex-M1 SP FPU accelerator ex-
ecutes floating point operations at different latencies. The expected latencies
for single precision operations are shown in Table 5.1.

Instruction type Latency

Addition 3
Sustraction 3
Multiplication 3
Comparsion 2
Square-root 16
Division 16
Conversions (from/to Float) 3
Mul-Add 6
Mul-Sub 6

Table 5.1: Cortex-M1 SP FPU accelerator core latencies (from [194])

Since our FPU is completely standalone, as we shown in Section 5.5 on
the next page, a hardware-dependent software communication library have
been implemented to generate a slave-side FPU-CPU notification. This no-
tification will indicate exactly the moment when the FPU has finished to
computed the floating point operation, and therefore, the result is ready to
be read. In this work, we explored the following hardware-software notifi-
cation schemes in our Cortex-M1 SP FPU accelerator.

• No Operation (NOP) – This mechanism includes NOPs operations on
the software library to synchronize wasting CPU cycles exactly the la-
tency required by the FPU core to compute the floating point instruc-
tion.

• Polling – This mechanism is done from the CPU by polling (performing
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read transactions) permanently the DATA READY bit on FPEX regis-
ter.

• Interruptions (IRQ) – A very common slave-side method used when a
slave wants to notify the master an issue, in our case, when the result
is ready.

The number of transactions of the protocol (see Figure 5.9 on page 117)
to perform a floating point calculation can oscillate depending on the avail-
ability of the FPU, the HW-SW notification method, and the operation itself.
However, when the FPU is in idle condition, the HW-SW protocol takes
normally 6 data word transfers.

• 1 read of FPEX register.

• 3 writes to FP Operand A, FP Operand B and FP Opcode registers.

• 1 read of FPSCR register (exceptions and flags).

• 1 read of FP Result A or FP Result B register depending on the floating
point instruction.

5.5 FPU Hardware-Dependent Software Library
Extensions

Since we have to communicate the Cortex-M1 processor with the FPU, a
full hardware-dependent software library have been implemented accord-
ing the CPU-FPU protocol for each floating point instruction. However, we
implement a subset of the most important single precision functions2. The
implemented functions in our Cortex-M1 FPU software library are FADDS,
FSUBS, FMULS, FDIVS, FSQRTS.

In Listing 5.2 on the next page, we show FSUB floating point instruction
using our SP FPU accelerator. This function make use of the alternatives
CPU-FPU notification protocols described in Section 5.4 on page 116 using
pre-compiler directives. FSUB accesses the memory-mapped FPU accerator

2Our SP FPU accelerator implements a full-featured single precision floating point func-
tionality, but only a subset of these features have been developed using the proposed
hardware-software approach, since the main goal is to explore the performance of the syn-
chronization and the HW-SW protocols under different interconnection fabrics and archi-
tectures, rather than test all FP instructions exhaustively.
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using a pointer to the memory address where it is placed.

unsigned int * AMBA FPU = (unsigned int *) (FPU ADDRESS);

As shown in Listing 5.2, relative offsets to AMBA FPU address pointer
are used to access FPU registers in the moment to execute floating point
instruction.

FSUB and all the other implemented floating point instructions included
in our FPU API software library implemented to work with the Cortex-M1
SP FPU accelerator, only generate few assembly instructions, so they are
very efficient and they can be executed in few clock cycles.

Listing 5.2: FSUB implementation using a HW FPU accelerator

unsigned int amba_fpu_fsub(unsigned int a, unsigned int b)
{

// Getting access to SP FPU accelerator (Step 0)
volatile unsigned int busy = 1;
do {
busy = (AMBA_FPU[FPEX_OFFSET_REG] & FP_EXC_FPU_BUSY_MASK) >> 1;

} while (busy);

// Operands and opcode transfers (Step 1-3)
AMBA_FPU[FP_OPA_OFFSET_REG] = a;
AMBA_FPU[FP_OPB_OFFSET_REG] = b;
AMBA_FPU[FP_OPCODE_OFFSET_REG] = FSUBS_OPCODE;

// CPU waits for FPU result (Step 4)
#ifdef NOPS_PROTOCOL
__nop();
__nop();
__nop();

#endif

#ifdef POLLING_PROTOCOL
while (!(AMBA_FPU[FPEX_OFFSET_REG] & FP_EXC_DATA_READY_MASK)){}

#endif

#ifdef IRQS_PROTOCOL
while (irqHandler == 0){}

irqHandler = 0;
#endif

// Return the result (Step 5-6)
return AMBA_FPU[FP_RESULT_PIPEA_OFFSET_REG];

}

Using a NoC backbone, the library will use the QoS features to
lock/unlock the channel towards the SP FPU. Thus, rather than poll
the semaphore on FPU BUSY bit on FPEX[0] corresponding to Step 0
of the CPU-FPU protocol, the library will substitute it for a call to
ni open channel(FPU ADDRESS, TRUE) to open and block the channel
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enabling bidirectional traffic towards our SP FPU. This mechanism will add
some latency, but will no add any extra traffic on the NoC backbone.

At the end of the function, after reading the result/flags from the FPU
(Step 5-6), the function must close the channel, and therefore, it is required a
call to ni close channel(FPU ADDRESS, TRUE) before the return state-
ment.

The presented software library substitutes the existing aeabi xxxx()
runtime functions which emulates the floating point instructions purely us-
ing software instructions. In Listing 5.3, we show the prototypes of the im-
plemented floating point instructions. In case the system includes our SP
FPU block, and by using a pre-compiler directive, i.e. -DCM1 AMBA FPU,
the ARM compiler will define the $Sub$$ aeabi xxxx(). These func-
tions call directly our equivalent amba fpu xxxx() hardware FP imple-
mentation using our software library.

Thus, at compile time, the compiler will include by attaching the code of
our amba fpu xxxx() macros as a particular implementation of the corre-
sponding floating point instruction. This will enable the hardware assisted
execution of the floating point instructions using our proposed HW-SW pro-
tocol between the Cortex-M1 and the memory-mapped SP FPU hardware
accelerator.

Listing 5.3: HW FPU accelerator software routines

// Functions that substitutes the single precision SW emulation routines
// FADD, FSUB, FMUL, FDIV, FSQRT
float $Sub$$__aeabi_fadd(float a, float b);
float $Sub$$__aeabi_fsub(float a, float b);
float $Sub$$__aeabi_fmul(float a, float b);
float $Sub$$__aeabi_fdiv(float a, float b);
float $Sub$$_fsqrt(float a);

Despite this fact, the original software library that only executes
floating point instructions purely in software can be also called using
%Super%% aeabi xxxx() corresponding to each FP operation (see List-
ing 5.4 to see the prototypes).

Listing 5.4: Floating point software emulated routines

// Functions that call directly the single precision
// software emulated routines in case you needed
float $Super$$__aeabi_fadd(float a, float b);
float $Super$$__aeabi_fsub(float a, float b);
float $Super$$__aeabi_fmul(float a, float b);
float $Super$$__aeabi_fdiv(float a, float b);
float $Super$$_fsqrt(float a);
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5.6 Experimental results

In this section, we report the results obtained to implement our SP FPU in
a real prototyping platform (Xilinx and Altera FPGA devices). Later, we
integrate the SP FPU on a complete Cortex-M1 MPSoC cluster architecture
presented in Figure 5.10 on page 124, which can be parameterized using two
interconnection fabrics, and the different alternatives CPU-FPU protocol to
communicate the operation result.

Similarly, we include on the software stack of this Cortex-M1 MP-
SoC platform, the floating point API software library to enable hardware-
assisted execution of floating point instructions.

The proposed HW-SW framework, let us (i) to assess and explore the va-
lidity of our HW-SW components; (ii) to compare our standalone memory-
mapped SP FPU against the tight-coupled ones (like the one provided by
Xilinx); and (iii) the exploration of the ability to share our SP FPU in terms
of execution time according to different synthetic floating point workloads.

The exploration also reports speedups between our hardware-assisted
FP execution versus a pure software emulation of floating point instruc-
tions. Finally, we compute an significant metric, such as the MFLOPs, which
is very important to ensure high-performance computing on embedded sys-
tems.

5.6.1 Cortex-M1 SP FPU Hardware Synthesis

In this section we report, the synthesis results, in terms of LUTs, fmax, num-
ber of embedded memory and DSP blocks used for our Cortex-M1 SP FPU
accelerator. We synthesized the proposed SP FPU accelerator in multiple
FPGA devices to explore the trend by evaluating the performance and area
costs. Altera and Xilinx are currently the main FPGA vendors, and since
ARM Cortex-M1 and our SP FPU accelerator have been targeted to be used
in FPGAs, we are going to compare our memory-mapped SP FPU accelera-
tor with the equivalent tight-coupled one used by Xilinx PowerPCs.

In Table 5.2 on the next page, we show the area costs and the fmax of
Xilinx FPU on Virtex-5 FXT FPGA used in PowerPC processors (see [190]
for further information). In Table 5.3 on the facing page, the results of our
Cortex-M1 SP FPU accelerator3 are reported using the same terms in multi-
ple Xilinx and Altera FPGAs.

3Even if our SP FPU accelerator has been considered to be used with Cortex-M1 soft-core
processor, thanks to its AHB compatible interface, it can be used for any other processors
or systems that follows AMBA 2.0 AHB standard.
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Part/Device Speed (MHz) LUTs rams DSP
C LATENCY=0 C LATENCY=1 Blocks

Double Virtex-5 200-225∗ 140-160∗ 4950 0 13
Precision

Single Virtex-5 200-225∗ 140-160∗ 2520 0 3
precision
∗ Depending on Virtex-5 FXT speed grade (-1 or -2), fmax range goes from 200-225 MHz and 140-160 MHz according to the FPU configuration

(C LATENCY=0 for high-speed and C LATENCY=1 for low latency execution of floating point instructions.

Table 5.2: Synthesis of single and double precision PowerPC FPU

Focusing on the single precision implementation, we can affirm that our
Cortex-M1 SP FPU accelerator (see Table 5.3) is very competitive in contrast
with the provided by Xilinx (see Table 5.2). Thus, in our implementation
we use only 270 LUTs more (2520 for Xilinx FPU vs. 2790 of our Cortex-
M1 SP FPU accelerator). This overhead probably may be caused by the
integration of additional blocks in our standalone memory-mapped FPU,
such as, the register bank, the semaphore, the AMBA 2.0 AHB interface and
its decoder unit, and the external multipliers, etc, which presumably are not
counted in the Xilinx implementation. In terms of fmax, our SP FPU is only
5% slower compared to the Xilinx FPU (134.2 MHz vs. 140 MHz) on a Virtex-
5 FPGA, since our SP FPU is optimized to be low-latency (C LATENCY=1).
Obviously, depending on the FPGA technology and speed grade the circuit
performance oscillates. For instance, on lasts Altera Stratix III devices the
FPU can reach 176.5 MHz, whereas when the synthesis is done on an Stratix
I FPGA, the frequency drops until 76.9 MHz.

Part/Device Speed (MHz) LUTs rams DSP blocks

xc2v1000bg575-6 84.0 3592 1 M512 4
Xilinx xc4vfx140ff1517-11 101.6 3655 1 M512 4

xc5vlx85ff1153-3 134.2 2890 1 M512 4

EP1S80B956C6 76.9 3937 0 1
Altera EP2S180F1020C4 132.0 2697 0 1

EP3SE110F1152C2 176.5 2768 0 1

Table 5.3: Cortex-M1 SP FPU accelerator synthesis on Xilinx and Altera
FPGA devices

Finally, our SP FPU design on Xilinx FPGAs use 4 blocks DSP48 against
the 3 used by PowerPC FPU, and it requires 1 M512 block of embedded
RAM to map the FPU register bank. Surprisingly, on Altera FPGAs, our
FPU does not require embedded FPGA memory (the register bank is imple-
mented using LUTs and registers) and it only needs one DSP block.
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As shown in the above tables, the area of the FPU is quite big (around 2x
the area of Nios II [20] or MicroBlaze [18] soft-core processors, and 4x bigger
when double precision support is included). Since our FPU design is com-
pletely standalone and memory-mapped as an accelerator on the system,
rather than tightly-coupled with the CPU, we can think to share an arbitrary
number of FPUs among different CPUs. To explore this possibility, and to
validate the presented HW-SW infrastructure, a complete framework have
been developed, integrating the software API library to perform hardware-
assisted floating point operations in conjunction with our SP AMBA 2.0
AHB compliant FPU. For comparison, as shown in Figure 5.10, we have in-
tegrated our SP FPU on an AMBA 2.0 AHB template Cortex-M1 MPSoC ar-
chitecture, which can be designed using two different communication back-
bones4.

• An AMBA 2.0 AHB Multi-Layer [27].

• A NoC backbone generated by ×pipes [52, 53] and using the AMBA
2.0 AHB NIs presented in Chapter 3 on page 57.
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Figure 5.10: Cortex-M1 MPSoC cluster architecture

This template architecture presented in Figure 5.10 consists on two sym-
metric 4-core Cortex-M1 banks interconnected by using one of the previous

4Both communication fabrics have been configured to operate at a single clock fre-
quency.
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interconnection fabrics. In each bank, we integrate our SP FPU, resulting
that each bank shares a single FPU among the four Cortex-M1 processors.
Each Cortex-M1 consist of:

• ARM-v6M architecture compatible core.

• 3-stage pipeline core.

• L1 memory system providing tightly-coupled instruction and Data
memories (DTCM/ITCM).

• Interrupt controller supporting 32 interrupts levels.

• 32-bit Timer.

The MPSoC architecture also contains a L2 shared 64-Kbyte AHB scratch
pad AHB memory to provide efficient data and program buffering. Finally,
the external memory is L3 memory.

An eight channel DMA controller to support transfers between Cortex-
M1 TCM and the AHB scratch pad or the external memory, or even between
TCMs of the cores in the same cluster is also included. The system also
supports message passing by using Inter-Processor Communication Module
(IPCM) modules between cores in the MPSoC. A Trickbox is used to con-
trol asynchronous inputs signals to the cores, for instance generating reset
pulse to keep processors in idle, but also to check the status of the cores (e.g.
halted or lockup) is implemented within this block. Finally, a master and
slave AHB port is provided to enable data transfers with another external
systems and subsystems.

In Table 5.4 and 5.5 on the following page, we show synthesis results
of the Cortex-M1 MPSoC using an AHB multi-layer as a communication
backbone, with and without floating point support. This architecture has
been configured to use 8 KB for DTMC/ITCM, and 32 KB for scracthpads
AHB memories.

The impact in terms of circuit performance and area resources to inte-
grate 2 FPUs to be shared for each bank of 4 Cortex-M1 processors is not
negligible but it can be assumed. The fmax is not strongly affected with the
inclusion of the FPU, and surprisingly in some cases the resulting fmax is
even better when the system includes floating point support in hardware.
This is because the critical path of the system is in the memory controller
rather within the SP FPU block. In terms of area, the overhead to include
the proposed shared SP FPU among each bank of 4 Cortex-M1s represents
about 12-14% of the whole system depending on the FPGA technology.
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Part/Device Speed LUTs rams DSP blocks
(MHz)

xc4vfx140ff1517 70.0 50315 RAM16: 512 24 DSP48
Block RAMs: 98

xc5vlx85ff1153 117.6 38294 RAM128X1D: 512 24 DSP48
Block RAMs: 98

EP2S180F1020C4 90.9 34360 M4Ks: 400 8 (78 nine-bit DSP)
M512s: 16

ESB: 1613824 bits
EP3SE110F1152C2 122.3 34696 M9Ks: 226 4 (32 nine-bit DSP)

ESB: 1613824 bits

Table 5.4: Synthesis of Cortex-M1 MPSoC cluster without hardware floating
point support on Xilinx and Altera FPGAs

Part/Device Speed LUTs rams DSP blocks
(MHz)

xc4vfx140ff1517 74.4 57346 RAM16: 512 32 DSP48
Block RAMs: 98

xc5vlx85ff1153 123.9 43790 RAM128X1D: 512 32 DSP48
Block RAMs: 98

EP2S180F1020C4 87.8 39979 M4Ks: 400 10 (78 nine-bit DSP)
M512s: 18

ESB: 1614592 bits
EP3SE110F1152C2 124.1 39936 M9Ks: 226 6 (46 nine-bit DSP)

ESB: 1614592 bits

Table 5.5: Synthesis of Cortex-M1 MPSoC cluster with hardware floating
point support on Xilinx and Altera FPGAs

On the same MPSoC architecture (see Figure 5.10 on page 124), where
each processor has its own tight-coupled FPU, the overhead will be con-
siderable, and only the dedicated area resources on the system to support
floating point in hardware will increase up to 35-39%.

5.6.2 Performance Studies – HW-FPU accelerator vs. SW

Emulation Floating Point Execution

In order to validate the designed HW and SW components, we run some
synthetic FP benchmarks or synthetic µkernels in multiple scenarios vary-
ing the interconnection fabric, and the CPU-FPU synchronization and noti-
fication protocols.

First, to test the performance, a single mono-processor architecture has
been used using with only one Cortex-M1 processor connected to our SP
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FPU accelerator through an AHB ML. Figure 5.11 reports performance in
our Cortex-M1 SP FPU accelerator, measured in clock cycles, for our differ-
ent CPU-FPU notification protocols5.
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Figure 5.11: Cortex-M1 SP FPU accelerator execution times of various float-
ing point operations using different CPU-FPU notification methods vs. SW
emulation

When NOPs are used, we achieve the maximum performance, i.e. be-
tween 15-30 clock cycles to compute FP operations, since the Cortex-M1
and the FPU are synchronized ideally. This is because we include exactly
the same number of NOPs according to the latency of the single precision
core (see Table 5.1 on page 118).

Similarly, when a polling CPU-FPU notification protocol is used the per-
formance is a little bit worse compared with NOPs. This is because polling
often penalizes because of its high bus usage, and the de-synchronization
between the time when the result is ready on the FPU, and the one when
the CPU realizes of it. However, this notification protocol has similar per-
formance to NOPs, and the latency of the hardware core can be changed
independently from the software library.

Finally, if interruptions are used, even if Cortex-M1 is optimized to per-
form them, the notification protocol spend almost the double of clock cy-
cles than NOPs or polling. We explain this effect by observing the con-
text switching and the IRQ handler routines, which takes around 30 cycles.

5The benchmark, as well as the implemented hardware-depedent software library have
been executed using the tight-coupled memories, which load one instruction every cycle.
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However, in contrast to polling notification, no traffic is added on the com-
munication backbone, resulting on a reduce bus utilization.

We extended our exploration on an equivalent NoC-based MPSoC ar-
chitecture using an equivalent NoC backbone as the AHB multi-layer pre-
sented in Figure 5.10 on page 124. In these experiments, we fix the CPU-FPU
notification protocol using NOPs. The proposed scheme using NoC trans-
actions and QoS features case exhibits a performance level close to the one
using in the AHB ML. Basically, it takes few more cycles than NOPs due
to the overhead to open/close the channel to get exclusive access to our
Cortex-M1 SP FPU block.

To validate the effectiveness of our approach, we compare our hardware-
assisted framework to compute FP operations using our SP FPU accelerator
against a purely software emulation. In Figure 5.11 on the preceding page,
it is very clear that while the FPU accelerator takes tens of cycles, the soft-
ware emulation consumes hundreds cycles. Additionally, in Figure 5.12, we
show exactly the speedup of each implemented FP operation. Depending
on the CPU-FPU and the FP operation, the speedups range from ∼3x to
∼45x compared to a purely software emulation.
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Figure 5.12: Cortex-M1 SP FPU accelerator speedup vs. SW emulation FP
library of different floating point operations

Second, to test the shareability and the resulting performance to execute
FP operations, we try to vary the number of processors which access the
FPU on the Cortex-M1 MPSoC cluster architecture. Scalability results are
shown in Figure 5.13 on the facing page, in terms of execution time of a
running a synthetic stress test by doing one of the 5 implemented FP opera-
tions.
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Similarly, in Figure 5.14, we report results in terms of speedup, variating
the number of Cortex-M1 CPUs from 1 to 4 (using only half of Cortex-M1
MPSoC cluster) against its execution using software emulation. The plot
shows that as the traffic on the interconnection fabric increase, resulting
on access congestion (by doing semaphore synchronization or by blocking
channels when NoC backbone) completion latencies, and as a consequence,
the resulting speedups decrease smoothly according each CPU-FPU proto-
col.
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Figure 5.13: Cortex-M1 SP FPU accelerator execution times using different
CPU-FPU notification protocols
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Figure 5.14: HW FPU accelerator speedup vs. SW emulation on different
Cortex-M1 MPSoC

Experimental results show that, in presence of concurrent tasks running
floating point instructions on multiple processors, the shareability of the SP
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FPU has a bound. As shown in Figure 5.13 and Figure 5.14 on the preceding
page, under our FP workloads stress tests, the sharing ratio is 1:4, so each
bank of 4 processors uses 1 FPU accelerator, otherwise, the use of software
emulation performs better, and it does not make sense to integrate more
FPUs on the MPSoC architecture.

As a consequence, the proposed Cortex-M1 MPSoC cluster architecture
delivers between 1.1-3.5 MFLOPs at only 50 MHz, depending on the CPU-
FPU notification protocol used.

Of course, all results shown in previous plots are relatively slow when
we compare our SP FPU accelerator against a tight-coupled FPU. This is
mainly based on the fact, that our design does not support pipelined FP
instructions, since the FPU accelerator is memory-mapped on the bus, and
we use a simple register bank. As a consequence, early estimations, show
that our SP FPU accelerator is ∼5x slower than a tight-coupled one.

5.7 Conclusion and Future Work

This chapter describes the complete design of an AMBA 2.0 AHB standalone
memory-mapped SP FPU, and the hardware-dependent software library
used to accelerate single precision floating point functions. The library can
be used to speedup floating point computations. The HW-SW framework
will lead to achieve high-performance computing on an embedded mono-
processor or multi-core ARM Cortex-M1 cluster architectures on FPGAs, or
any other system and processors which use AMBA 2.0 AHB standard.

The presented approach can be used in many widely digital multimedia
and signal processing algorithms and kernels to take advantage to execute
FP instructions in hardware whenever is required. Our SP FPU accelerator
will lead to speedup FP operation to achieve high-performance embedded
computing on mono-processor or multi-core ARM Cortex-M1 cluster archi-
tectures, using a moderate amount of hardware resources (2890 LUTs and
few DSP blocks on FPGA devices).

In addition, the methodology for modifying software applications have
been done without any change on the ARM compiler and, by extension to
the ARM-v6M architecture, so that it is completely transparent to the soft-
ware designer.

On the other side, we also explore different HW-SW interfaces on the ex-
ecution platform (see the abstract view presented in Figure 5.15 on the next
page) in order to get an efficient execution of hardware-assisted floating
point instructions, using our hardware-dependent software routines. Thus,
as shown in the experimental results, depending on the system require-
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ments, different CPU-FPU notification protocols can be used in our FPU
accelerator. The outcome of our exploration, shows that NOPs and polling
outperforms the IRQ CPU-FPU notification protocol because of the over-
head added by the switching context, and the IRQ handler. However, on
heavily traffic conditions, when other peripherals required to use the com-
munication backbone, IRQs can perform better than polling, since it does
not inject any traffic on the intercommunication architecture.
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Figure 5.15: HW-SW interface co-design on embedded SoC architectures
(from [43])

The exploration to share one FPU among few processors, has been
demonstrated as a feasible alternative when a low-cost constraints are im-
posed, and of course, when the application does not access very frequently
and simultaneously to the FPU accelerator. In our experiments, we per-
formed several stressed FPU tests in our Cortex-M1 cluster on chip, and we
found that the bound to achieve better execution times that the equivalent
software library is about 1:4, i.e. 1 FPU accelerator every 4 ARM Cortex-M1
processors.

As future work, the first engineering task is to extend the software li-
brary to use the remaining single precision FP instructions, which are al-
ready implemented on the designed AMBA AHB single precision FPU ac-
celerator. The second one, since the designed FPU is targeted to be the FPU
of the Cortex-M1 on FPGAs, it would be convenient to tweak the RTL code
to map properly the design on the FPGA architecture to improve area cost,
and the circuit performance (i.e. fmax) of the SP core using properly embed-
ded shifters, DSP blocks, etc. Finally, using the presented HW-SW design
approach, it should be useful to design an equivalent double precision FPU
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accelerator to speedup operations on C/C++ doubles.
In terms of research, some extension and improvements on the regis-

ter bank can be done, including an accumulator register bypassed from the
result of the last operation to perform single and double compound FP op-
erations, such as fused multiply-add/sub (FMAC, FNMAC, ...).

Additionally, to enable FP instruction pipelining (as it is done when the
FPU is tight-coupled with the processor) to improve a bit more the perfor-
mance of our standalone memory-mapped FPU, an extension of the register
bank adding NextOperand A, and NextOperand B registers. Another
potential improvement will be the possibility to decouple the pipeline archi-
tecture of the FPU in order to execute simultaneously adding/subtraction
with multiplications/divisions/conversions/square, since both pipelines
are independent. This will imply deep changes on the front-end of the FPU,
duplicating the register bank for each pipeline, and re-designing the pol-
icy to block/unblock the access, specially when more than one processor
pretend to execute floating point operations on it.
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CHAPTER 6

Parallel Programming Models on
NoC-based MPSoCs

This chapter1 introduces parallel programming models focusing on MP-
SoCs architectures. Next, we present our message passing software stack
and API library (i.e. ocMPI/j2eMPI), and its efficient interaction with
Network Interfaces (NIs) to improve inter-process communication through
message passing. This chapter also contributes on the mapping of QoS fea-
tures presented in Chapter 4 on page 85, on top of a custom OpenMP run-
time library targeted to NoC-based MPSoCs, or event on the parallel pro-
gramming model at application level.

6.1 A General Overview of Parallelism

There is an on-going requirement to solve bigger and more realistic prob-
lems, and this requires improved computer productivity. This increase can
arise through faster processing power, specialized computers (where some
extra capability is included in the computer hardware), or by writing par-
allel code. In parallelism exists two levels of abstraction. Fine-grain paral-
lelism refers to parallelism at the operand or data level (e.g. at pixel level,
matrix rows and columns, etc), where parts of non-dependent data can be
processed concurrently, or high-level parallelism, whereas coarse-grain par-
allelism refers to entire routines being executed concurrently (e.g. frame,
DCTs, FFTs, etc).

An important feature of a parallelism is the algorithm scalability; this

1The author will like to acknowledge contributions by Andrea Marongiu, and Prof.
Luca Benini for its contribution on the OpenMP framework for embedded systems.
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means that the level of performance is maintained as the number of pro-
cessors and the problem size are increased. Another challenge is how the
application is broken down to individual parts or tasks, and how these
tasks will be mapped onto processors, and which cost is inherent in their
communication. In addition, in most cases it should be mandatory to use
load-balancing techniques, and study the locality between each task as well
on data (i.e. maximizing the reuse of data in nearby locations, by minimiz-
ing the number of accesses to data in far locations) and their relationship in
order to obtain better performance by minimizing the communication and
overlapping computation and communication. Thus, using these consider-
ations ensure that all the processor in the resultant parallel system will work
concurrently rather than some processors being idle, and it lets that closer
tasks collaborate without large communicate overhead.

Once we introduced the basics of parallelism, next are detailed the exist-
ing ways of parallelism together with several classifications that have been
proposed in order to structure it in logical categories, for example, according
to the architecture memory model, processor architecture or other recently
proposed levels of parallelism.

The first traditional classification is Flynn’s taxonomy [195]. It cate-
gorizes the various architectures of parallel computers, although this has
now been extended to distinguish between shared memory and distributed
memory systems:

• Single Instruction, Single Data (SISD): consists of a single CPU execut-

ing an instruction stream serially.

• Single Instruction, Multiple Data (SIMD): these machines often have

many processors that execute the same instruction all the time but on
different data; they operate in lock-step mode. A subclass of SIMD ma-
chines are vector processors, which operate simultaneously on an ar-
ray of data. This is fine-grained parallelism, with little inter-processor
communication required (e.g. VLIW, DSP).

• Multiple Instructions, Single Data (MISD): as yet, no machine with

this classification has been developed.

• Multiple Instructions, Multiple Data (MIMD): these machines operate

in parallel on different data, using different instructions. There is a
wide class of classification, and now this is often broken down into
either shared-memory or distributed-memory systems.

Nowadays, Single Program Multiple Data (SPMD) and Multiple Program
Multiple Data (MPMD) are widespread, but whereas MPMD is becom-
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ing popular, SPMD is the most used model. In this model, multiple au-
tonomous processors simultaneously execute the same program at indepen-
dent points, rather than in the lockstep that SIMD imposes on different data.
With SPMD, tasks can be executed on general purpose CPUs; SIMD requires
vector processors to manipulate data streams. SPMD usually refers to mes-
sage passing programming on distributed memory computer architectures.
The first SPMD standard was PVM [196], but the current de-facto standard
is MPI [142].

SPMD on a shared memory machine (a computer with several CPUs
that access the same memory space), messages can be sent by depositing
their contents in a shared memory area. This is often the most efficient way
to program shared memory computers with large number of processors,
especially on NUMA machines, where memory is local to processors and
accessing memory of another processor takes longer.

According to previously presented memory models, the parallelism can
be classified in two categories (see Table 6.1 on the next page):

• UMA (Uniform Memory Access): in this architecture, the memory ac-

cess time is independent from which processor makes the request or
which memory contains the requested data. Usually, this architecture
is used on SMPs, which normally includes a global shared memory for
all processors.

• NUMA (Non-Uniform Memory Access): this architecture is used in

multiprocessors where the memory access time depends on the rela-
tive memory location to a specific processor. An example of a shared-
memory NUMA is cache coherence NUMA architecture. Under this
architecture, any processor can access its own local memory faster
than non-local memory, in most cases shared by all processors. In
shared-memory systems, we must synchronize the access to shared
data, for example using semaphores. Opposite to NUMA with shared
memory, are the distributed memory systems. These systems are also
called massive parallel processing (MPP) systems because many pro-
cessors are used to work together in a distributed way. In these sys-
tems each processor has its own local memory, and all processors are
connected through a network (which needs to be well-designed to
minimise communication costs). Therefore, these systems need to use
message-passing techniques to share and communicate data among
them.

The main disadvantage of UMA architectures against NUMA is the scal-
ability. In other words, under UMA architectures when number of proces-
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Memory Parallel Architecture
model UMA NUMA
Shared memory SMP ccNUMA (cache coherence NUMA)
Distributed memory Not used MPP (Massive Parallel Processing

Table 6.1: Parallel architectures according to memory models

sors increases over a threshold the system does not scale well. Another
important aspect is that both SIMD and MIMD can use either shared or dis-
tributed memory models.

A part from this traditional classification, more types of parallelism
emerge nowadays in research. One is Instruction Level Parallelism (ILP) that
is a measure of how many operations in a computer program can be per-
formed simultaneously. Techniques that exploit this type of parallelism are
related to the processor micro-architecture. The compiler and the processor
are basic pieces to obtain as much parallelism as possible. The most impor-
tant techniques are:

• Instruction pipelining: the execution of multiple instructions can be

partially overlapped

• Superscalar execution: multiple execution units are used to execute

multiple instructions in parallel. In superscalar processors, the in-
structions that are executed simultaneously are adjacent in the original
program order.

• Out-of-order execution: instructions can be executed in any order that
does not violate data dependencies. Out-of-order execution is orthog-
onal to pipelining and superscalar since it can be used with or without
these other two techniques.

• Register renaming: technique used to avoid unnecessary serialization

of program operations imposed by the reuse of registers. This tech-
nique is usually used with out-of-order execution.

• Speculative execution: allows the execution of complete instructions

or parts of instructions before being certain whether this execution
should take place. A commonly used form of speculative execution
is on flow control instructions (e.g. a branch). A pre-fetch is exe-
cuted before the target of the control flow instruction to determine
which branch will follow the execution. Several other forms of spec-
ulative execution have been proposed and are in use, including those
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driven by value prediction, memory dependence prediction and cache
latency prediction.

• Branch prediction: used to avoid stalling for control dependencies to

be resolved. Branch prediction is used with speculative execution.

Other important type of parallelism is Thread Level Parallelism (TLP). This
parallelism is important due to the fact that multithreaded processors are
emerging in the design of generic multiprocessors, and in specific MPSoC.
An example is the CMT Niagara processor [197–200]. TLP is based on par-
allelism inherent to the application that runs multiple threads at once. Thus,
while one thread is delayed, for example, waiting a memory access, other
threads can do useful work. The exploitation of coarse-grain TLP, inherent
to many multimedia algorithms, has not been investigated in depth up to
now because uniprocessor model dominated the research community.

6.2 Traditional Parallel Programming Models

The presented traditional parallel architectures explained in previous sec-
tion (shared memory or distributed memory systems) imply the use of dif-
ferent parallel programming models.

• Message Passing: a message passing scheme is required to perform

data communication, synchronization among all processors through
the communication infrastructure, which should be very efficient to
ensure low-latency inter-processor communication, synchronization,
communication or task partitioning.

• Shared memory: In shared memory systems is necessary to ensure the

coherence, synchronization, and memory ordering. The cache coher-
ence model is applied, i.e. whenever one cache is updated with in-
formation that may be used by other processors, then all the changes
must be reflected to the other processors in order to get coherent data.
Sometimes this model can become a performance bottleneck of perfor-
mance because of the overhead to exchange the information related to
the memory coherence (e.g. snooping, write-through, write-back).

Therefore, several software runtime environments and standard soft-
ware APIs have been proposed according to these well-known program-
ming models. The most significant are Parallel Virtual Machine (PVM) [196,
201] and Message Passing Interface (MPI) [142, 202–204] for message passing
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on distributed-memory systems, and OpenMP [205] for shared-memory sys-
tems.

The target is to provide software developers libraries to express concur-
rency and parallelism on many different ways in a great variety of parallel
platforms to perform an efficient inter-process communication between all
processes, cores and threads.

Both parallel programming models and API-libraries abstract the hard-
ware and software components and let the designer to execute concurrent or
parallel applications in a multiprocessors system, and at least they impose
two general ways to express parallelism:

(i) Implicit parallelism: a compiler or interpreter exploit the parallelism

inherent to the computations expressed by some of the language’s
constructs. It is very easy to program but sometimes sub-optimal re-
sults can be achieved because the programmer does not have the com-
plete control over the parallelism, and significant hardware support
(i.e. cache coherence) must to be added to achieve consistency on the
parallelism.

(ii) Explicit parallelism: the programmer has the control over the parallel

execution, so a high-skilled parallel programmer takes advantage of it
to produce very efficient parallel code. However, it is difficult for un-
skilled programmers because many special-purpose directives or func-
tions, mostly for synchronization, communication or task partitioning,
must be called by the programmer. This problem can be mitigated us-
ing optimizing compilers or communication assistants.

Often, OpenMP is associated to implicit parallelism due to the fact that
the inclusion of #pragma compiler directives let programmers to express
parallelism using a single-threaded view. On the other side MPI/PVM is
related to explicit parallelism since software developers must explicitly call
the communication and synchronization routines to express parallelism.

Recently, a novel parallel programming model based on database trans-
action processing have been proposed in the form of Transactional Memory
(TM) [206–209]. Transactional memory is aimed as a mechanism for imple-
menting language-level concurrency control features to speed up sequential
code transparently from the user point view by exploiting the thread-based
programming [210], and the inherent parallelism of multithreaded architec-
tures on top of cache coherence model. It simplifies parallel programming
by guaranteeing that transactions appear to execute serially (i.e. using a con-
sistency model to ensure commit order) and atomically (i.e. all or nothing,
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a transaction never appear to be interleaved with another transaction) or
isolated (i.e. write are not visible until transaction commits). Thus, a trans-
action either commits by making all changes visible to the other processes,
or abort, by discarding all the changes doing a roll-back process.

This parallel programming model is nowadays under research. Nev-
ertheless, the feasibility of this approach is unclear due to the large traffic
overhead generated at HW/SW level (i.e. snooping and roll-back process
using validate, commit or abort transactions) in order to serialize multiple
threads of the different cores.

6.3 Motivation and Key Challenges

Moore’s law is still alive but the technology clock frequency scaling has been
replaced by scaling the number of cores per chip as is reported in ITRS [1].
In addition, performance has also slowed along with the power, in all sys-
tems, traditional multiprocessors or MPSoCs. Thus, nowadays each core
operates at 1/3 to 1/10th efficiency of largest chip, but you can pack hun-
dred very simple cores onto a chip and they consume less power. Thus,
in today’s MPSoCs, in conjunction with an extremely low-cost interconnec-
tion infrastructure previously discussed in this dissertation, parallel pro-
gramming models are needed to fully exploit hardware capabilities and to
achieve hundred GOPS/W energy efficiency.

The mapping of this abstract parallel programming models onto
tightly power-constrained hardware architectures imposes several over-
heads which might seriously compromise performance and energy effi-
ciency. Thus, an important key challenge in MPSoC research is to provide
well-know custom parallel programming models and libraries to boost ap-
plications by exploiting all hardware features present in the platform, but
taking into account the inherent memory constraints present on NoC-based
MPSoC architectures. Using parallel programming models hide hardware
complexity from the programmer point of view, facilitating the develop-
ment, reusability and portability of parallel applications.

The goal to execute parallel applications is to reduce the wall clock time
(speed-up) saving time on the resolution of large problems exploiting the
HW features present in the parallel platform. A key challenge is how the
problem is mapped on hardware and broken into concurrent streams of
instructions on the multiprocessor platform. Therefore, the software APIs
or the compiler directives associated to the parallel programming model
should offer facilities to split effortlessly data, functions or high-level tasks
in many different ways.
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In fact, using the parallel programming models presented before, many
different levels and mechanism of parallelism can be reached. In Figure 6.1,
we show the most common ones.
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(b) Master-slave, pipeline/signal
processing parallelism

Figure 6.1: Multiple levels and ways of parallelism

Usually, MPI is related to parallelism at large medium grain task level
exchanging messages (see Figure 6.1(a)) specially with computation inten-
sive applications with large data sets. However, it can be used to enable
medium and often in fine grain parallelism at function and data level, as
well as in synchronization-intensive applications with small data sets. On
the other hand, OpenMP is very useful to low computation/communica-
tion ratio emphasizing shared memory efficiency. Normally is used from
task level parallelism until data level parallelism. Finally, very fine grain
parallelism can be achieved at operator and instruction level using custom
VLIW, DSPs, but it is out of the scope of this dissertation, which is focus on
the use of parallel programming models.

Both MPI and OpenMP define multiple ways how a parallel work-
load is assigned to the parallel system to be performed simultaneously
by different processor cores. In Figure 6.1(b), we show master-slave (i.e.
broadcast-reduce, scatter-gather, etc) and pipelined or signal processing
schemes when a workload is parallelized on different computations sub-
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tasks. However, MPI suits perfectly in both schemes, in OpenMP is not
straight to perform an efficient pipeline due to memory contention.

The use of parallel programming models must be supported by robust
software stacks and efficient HW-SW interfaces to avoid large overheads
of inter-process communication and synchronization. Thus, performance is
now a software concern, so the compilers directives or API libraries, which
abstracts hardware and software components must be designed accurately.
In addition, the responsibility and the performance is shifted to program-
mers, so parallel programming models must expose features to deal with
performance.

Finally, at the moment to develop or choose an existing parallel program-
ming model, many considerations must be taken into account:

(i) Parallel Execution Model: implicit or explicit communications using
synchronization and/or memory consistency methods.

(ii) Productivity: is related to the language or APIs used to express paral-
lelism. If a new language is provided, developers must learn it. On
the other side, the use of an existing language will not need the reed-
ucation of developers. An hybrid approach is to extend (limited by
the constraints of the base language) or provide directives (to achieve
higher levels of abstraction) for an existing language to match the plat-
form requirements. In the best case, developers only need to know
very few new API constructs.

(iii) Portability: is associated to the runtime system and its relation on spe-
cific machine features.

(iv) Performance: latency management, static and dynamic load balancing
are key features to be exposed to the programmer in order to enable
efficiency of parallel programs.

(v) Debug tools: parallel programming environment should built-in pro-
prietary tools in the runtime library, provide logs to enable tracing and
performance evaluation (e.g. Paraver [211], Vampir [212, 213]) or en-
able interoperability with standard tools (e.g. gdb, grprof) available on
the platform because debug parallel programs is tough.

6.4 Related work

Due to the necessity to program homogeneous and heterogeneous MPSoCs
to increase performance/power figures, recently a large number of MP-
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SoC specific programming models and software APIs have been defined or
ported, for stream processing, shared-memory or message-passing parallel
programming models.

The Task Transaction Level interface (TTL) proposed in [214] focuses on
stream processing applications in which concurrency and communication
are explicit. The TTL API defines three abstraction levels: the vector read
and vector write functions are typical system level functions in which syn-
chronization and data transfers are combined: the reAcquireRoom and release-
Data functions. In [215], a compiler and a novel high-level language named
Stream-It, in order to provide syntax to improve programmer productivity
for high-performance streaming applications is reported.

In [216], the Multiflex multi-processor SoC programming environment is
presented. It is focus on two programming models: a remote procedure call
on distributed system object component (DSOC) message passing model,
and a symmetrical multi-processing (SMP) model using shared memory
(close to the one provided by POSIX [217], i.e. thread creation, mutexes,
condition variables, etc). It is targeted to multimedia and networking ap-
plications, with the objective of having good performance even for small
granularity tasks. DSOC uses a CORBA like approach, but implements
hardware accelerators to optimize performance. In [218], a Remote Method
Invocation (RMI) model is explored to communicate distributed heteroge-
neous NoC-based systems.

The transactional memory model also have been implemented in MP-
SoCs. In [219] is reported a complete hardware transactional memory solu-
tion for an embedded multi-core architecture using MPARM [54], consisting
of a cache-coherent ARM-based cluster on a shared-memory system, simi-
lar to ARM’s MPCore [220], meanwhile in [221] the idea on how to design a
lightweight transactional memory system is presented.

The Eclipse NoC architecture is presented in [222] in conjunction with a
sophisticated programming model, realized through multithreaded proces-
sors, interleaved memory modules, and a high-capacity NoC. Eclipse pro-
vides an easy-to-program, exclusive-read, exclusive-write (EREW) parallel
random-access machine (PRAM) programming model with many physical
threads to take profit of TLP.

Recently, a large body of research efforts have been done to fit shared-
memory and message passing parallel programming models upon MPSoCs
architectures. Thanks to its portability both, OpenMP and MPI APIs can be
adapted effortlessly keeping the interface invariant but being improved by
custom hardware features.

In [223] is reported the use of OpenMP targeted to shared-memory MP-
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SoCs without using any operating system, or OpenMP extensions, but im-
proving low-level synchronization directives. In [224] OpenMP is ported
on top of the Cell Broadband Engine™ processor [25]. This work presents
thread and synchronization support, code generation and the memory
model on Cell. The compiler is novel and it generates binaries that can be
executed across multiple heterogeneous ISAs and multiple memory spaces.
In [225] is presented another OpenMP approach targeted for heterogeneous
MPSoCs, which includes RISC-like processors and DSPs, using OpenMP
extensions. Recently, in [183] the authors also explore extensions and the
heterogeneity by optimizing the OpenMP implementation and the runtime
support, for non-cache-coherent distributed memory MPSoCs. This work
uses extensions to perform a profiled-based efficient data allocation with an
explicit management of scratchpads memories.

In addition, together with all these efforts, in [226, 227] explain the need
to abstract HW/SW interfaces during high level specification of software
applications because of the heterogeneity of emerging MPSoCs. According
to this HW/SW interface point of view, in [228, 229] a video encoder (open-
DIVX, MPEG4) is parallelized using MPI on a MPSoC virtual platform.

In [230, 231] a message passing implementation based in producer-
consumer communication is presented, taking in consideration the commu-
nication overhead and synchronization, but it does not use the standard
MPI API, so the application code is not portable. Despite this fact, a large
body of works have been presented on the design of MPI on top of MPSoCs.
In [232, 233] a MPI-like microtask communication is presented upon Cell
Broadband Engine™ processor [25], and on a small cluster on chip based
using MicroBlaze and FSL channels, respectively. Nevertheless, both ap-
proaches have architectural scalability problems, since the maximum num-
ber of processing elements is eight on a Cell, and the maximum number of
FSL channels is also eight in the MicroBlaze MPSoC architecture.

In [234] a SoC-MPI library is implemented on Xilinx Virtex FPGA, ex-
ploring different mappings upon several generic topologies. In [235] a cus-
tom MPI called rMPI have been reported and targeted to embedded sys-
tems using MIT Raw processor [236] and on-chip network. In this work, a
traditional MPI implementation is compared with the rMPI, the developed
version ported to embedded systems. Another interesting work, presented
in [237], focuses on parallel programming of Multi-core Multi-FPGA sys-
tems based on message passing. This work presents TMD-MPI as subset of
MPI, and the definition and extension of the packet format to communicate
systems in different FPGAs, and intra-FPGA using a simple NoC architec-
ture.
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Some of these MPI-based implementations presented before [230, 232–
235, 237] can be executed as stand alone without relying on an existing op-
erating systems. Furthermore, each MPI library is implemented to have a
very small footprint due to the memory-constraints of embedded and on-
chip systems.

Despite this fact, a lightweight MPI for embedded heterogeneous sys-
tems (LMPI) is reported in [238] relying on the existence of an OS. How-
ever, this approach is more focused on a custom implementation of MPI for
a traditional cluster of workstations.

Very recently, in [239, 240] a MPI task adaptive task migration message
passing is explored using a HS-Scale MPSoC framework [241]. In this work,
a homogeneous NoC-based MPSoC is developed for exploring scalable and
adaptive on-line continuous mapping techniques using MPI. Each proces-
sor of this system is compact and runs a tiny preemptive operating system
that monitors various metrics and is entitled to take remapping decisions
through code migration techniques.

In addition, out of the academia research, the Multicore association pro-
posed MCAPI [242]. This API is intended to join all previous work. It is
targeted to multicore systems based on message passing, shared memory,
but also it includes APIs to support load balancing, power and task man-
agement, as well as QoS and debug facilities.

In this dissertation, we focus on embedding MPI towards NoC-based
systems. We believe that MPI is a good candidate to be the parallel program-
ming model to map upon highly parallel and scalable NoC-based MPSoCs.
The main reasons are:

• The inherent distributed and scalable nature of the communication
backbone, the heterogeneity of computational elements in non-cache
coherence NoC-based MPSoCs make message passing a priori the best
model.

• MPI-based communication model fits perfectly on high scalable dis-
tributed multiprocessor systems with many cores interconnected by a
on-chip network backbone, even on a single chip. A priori, shared-
memory architectures using the OpenMP model are poorly scalable
because of the limited bandwidth of the memory.

• The end-to-end low-latency interconnects of the elements allow fast
inter-process communication using message passing (OpenMP often
suffers due to the overhead produced by cache-coherence protocols).
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• Explicit parallel programming is often hard but very useful to
write efficient custom programs since NoC-based MPSoCs often are
application-specific. To mitigate this, communication assistants, and
automatic parallel code generators or compiler can be used.

• The portability and extensibility of MPI API make it easy to be tailored
to NoC-based MPSoCs.

• Is a very well-know API and parallel programming model, and many
debug, and trace tools are ready to be used.

• The reusability of parallel source codes used previously in HPC on
embedded scenarios. This avoids the replication of efforts involved in
developing and optimizing the code specific to the parallel template.

• Hides hardware complexities (NoC design space is huge) increasing
programmability from the programmer point of view. Nevertheless,
extensions can be included to enable low-level performance features
(e.g. load balancing, latency management, power management, etc).

Furthermore, message passing has proven to be a successful parallel pro-
gramming model for distributed memory machines, such as the grid infras-
tructure, supercomputers, clusters of workstations, and now due to the ad-
vantages about low-latency inter-processor communication and thanks to
the inherent distributed nature of NoC-based MPSoCs the author believe
that is the most suitable well-know parallel programming model.

Our contribution is the formal definition on how to embed standard MPI
target to distributed-memory NoC-based MPSoCs taking into account all
hardware and software issues. Thus, in this work we propose an efficient
and lightweight implementation of an on-chip message passing interface,
called on-chip MPI (ocMPI). This implementation does not rely, as some
previous work, in any OS [238, 243], but it includes very efficient HW-SW
interfaces using specific tight-coupled NIs, feature not present in any previ-
ous work. The outcome is a high-performance low-latency message passing
injection rate of packets/messages on the NoC-based system.

Even if in this chapter we mainly focus in message passing, we also con-
tributed on adding the QoS features presented in Chapter 4 on page 85,
on top of an existing OpenMP framework specially targeted to MPSoCs.
Therefore, applications and/or the programming environment chosen for
their development/execution should have some degree of control over the
available NoC services. In this way, the application programmer or the soft-
ware execution support layer (either an OS, a custom support middleware
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or runtime environment) can exploit the HW resources so as to meet critical
requirements of the application and, more in general, speed-up threads and
the execution while fitting a limited power budget.

On both scenarios and parallel programming models, message-passing
or shared-memory NoC-based MPSoC, hardware architectures and soft-
ware libraries have been tuned to get high-performance inter-processor
communication. This fact, is not explicitly present in any previous work.

6.5 Embedding MPI for NoC-based MPSoCs

This section describes all the features and key points faced during the adap-
tation of the standard Message Passing Interface (MPI) towards on-chip ar-
chitectures. Thus, we present the development of two suitable software
stacks based on MPI [202] to be used as the core of message passing par-
allel programming model upon different NoC-based MPSoC architectures:

• on-chip Message Passing Interface (ocMPI): fully developed in ANSI

C (to avoid large memory footprints and in order to achieve a maxi-
mum runtime performance), which can be compiled in many real MP-
SoC architectures which integrates processors (e.g. ARM, Nios II, Mi-
croBlaze, PowerPC, DSPs, etc) that support gcc-like tool chain.

• java Embedded Message Passing Interface (j2eMPI): written com-

pletely in Java in order to be the parallel programming model upon
NoCMaker, our open source NoC-based MPSoC cycle accurate
simulator [51, 244] presented in Section 2.4 on page 36.

Figure 6.2: On-chip message passing interface libraries
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Both software stacks and APIs are completely equivalent with the par-
ticularity that ocMPI is designed and targeted to be used in a memory-
constrained NoC-based MPSoCs in real prototyping platforms, whereas
j2eMPI has been implemented to run on top of NoCMaker.

The advantage to have both message passing APIs (i.e. ocMPI and
j2eMPI) for NoC-based MPSoC, let us to run simulation and applications
on NoCMaker, but also to execute them in a fast way on a real prototyp-
ing platform. Finally, comparing the results of both executions, we can tune
and increase the accuracy of our simulator according to the information ex-
tracted from the real platform.

6.5.1 Message Passing Interface (MPI) - General Concepts

MPI is a portable [245] C/C++ standard software API to create and commu-
nicate parallel distributed-memory applications. MPI-2 software API con-
tains over 125 routines to perform distributed parallelism, but programs are
essentially based on two basic routines to perform a peer-to-peer communi-
cation, MPI Send() and MPI Recv(). MPI-2 is the second version of MPI
that extends the functionality of MPI-1 adding parallel I/O support, adding
bindings to C++ and being more portable to different platforms.

As shown in Figure 6.3, MPI is based on the communicator concept that
is an ordered set of processes indexed by rank that remains constant from its
creation until its destruction. Inside it N processes can live being identified
with a rank range between 0 to N-1; the whole set of MPI processes form the
MPI COMM WORLD communicator. In addition, MPI users are able to define
their own communicator which will be a subset of MPI COMM WORLD.

MPI_COMM_WORLD

1

0
2

3

6

5
msg 4

Process ID � (group, rank)

Message ID �  (context, tag)

Figure 6.3: Logical view of communicators and messages in MPI

In MPI, a process involved in a communication operation is identified by
group and rank within the group, whereas, messages may be considered la-
beled by communication context and message tag within that context. Thus,
through MPI Comm Size() and MPI Comm rank() functions, we are able
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to answer two important questions in parallelism, how many processes are
involve? and who am I?, respectively.

MPI contains a large set of point-to-point communication routines between
two processes. There are available some ways to send data:

• Blocking mode - MPI Send(): the function does not complete until all

message is sent and received using MPI Recv(). In this mode, the
completion depends on message size and amount of system buffering.

• Synchronization mode - MPI Ssend(): the sender notifies the re-

ceiver; after the matching receive is posted the receiver acknowledges
back and the sender sends the message, so the function does not com-
plete until a matching receive has begun (e.g. like a fax). Unsafe pro-
grams become incorrect and usually deadlock within MPI Ssend().

• Buffered mode (asynchronous) - MPI Bsend(): the user supplies the

buffer to the system for its use. If there is not enough space, the mes-
sage is saved in a temporary buffer until someone retrieves it (e.g. like
e-mail). In other words, the sender notifies the receiver and the mes-
sage is either buffered on the sender side or the receiver side accord-
ing to size until a matching receive forces a network transfer or a local
copy respectively. Users must supply enough memory to make unsafe
program safe.

• Ready mode - MPI Rsend(): similar than synchronous but without

acknowledging that there is a matching receive at the other end. Allow
access to faster protocols but has undefined behaviour if the matching
receive is not present.

Note that there exists non-blocking modes of these sending modes,
MPI Isend(), MPI Issend(), MPI Irsend(), MPI Ibsend(). It is im-
portant to remark that, all these non-blocking functions return immediately,
but can be waited or queried, too. In addition, all types of sending functions
or modes may be received with MPI Recv().

It also include a great variety of collective communication routines to com-
municate processes in a group. Basically these communication routines can
be classified as:

• one-to-many (e.g. MPI Broadcast, MPI Scatter(),...).

• many-to-one (e.g. MPI Gather(), MPI Reduce(),...).

• many-to-many (e.g. MPI Barrier(), MPI AlltoAll(),...).

148 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



6.5. Embedding MPI for NoC-based MPSoCs 149

In Figure 6.4, we show the typical traffic patterns of these collective com-
munication routines.
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Figure 6.4: Patterns of the MPI collective communication routines

MPI-2 defines basic data types, but also the possibility to define custom
data types in order to get two purposes, heterogeneity between different
processors, and work with non-contiguous data types (e.g. structures or
vectors with non-unit stride). Thus, the MPI data types could be classified
as:

• Basic or elementary: language-defined data types (e.g. MPI INT,

MPI DOUBLE, MPI BYTE, MPI UNSIGNED INT,...).

• Vector/Hvector: array separated by constant strides (e.g. an array of
integers, or chars). In Hvector the stride is defined as a byte.

• Indexed/Hindexed: array of indices (used for scatter and gather). In
Hindexed is indexed with indices in bytes.

• Struct: general used in mixed types (e.g. heterogeneous structures in
C).

Of course, MPI has more complex functionality that the outlined above,
for example, it contains routines concerning IO parallel functions, creation
of virtual topologies, etc. Nevertheless, in most cases when we use MPI to
develop parallel programs, only a subset of the MPI primitives are used. In
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addition, all MPI features explained before are the most important from the
architectural and communication point of view to make easy to understand
this chapter.

6.5.2 MPI Adaptation Towards NoC-based MPSoCs

In this section, we explain the software design to create our message pass-
ing communication software stack and its associated API library for NoC-
based systems. In this work two main phases have been performed to port
the standard MPI towards NoC-based systems by using a bottom-up ap-
proach. This is possible because MPI is highly portable parallel program-
ming model [245].

• We selected a minimal working subset of standard MPI functions. This
task is needed because MPI contains more than one hundred func-
tions, most of them not useful in NoC-based MPSoC scenarios (e.g.
generation of virtual topologies).

• We make an accurate porting process (see Figure 6.5) by modifying
the lower layers of each selected function of standard MPI in order to
send/receive MPI packet by creating transactions through the NI to
the NoC, and vice versa.

Operating System

MAC

Transport Layer

(Network Interface)

NoC Network Layer

(switch)

PHY 

(NoC wiring)

MAC layer 

(Arbitration + Flow Control)

TCP/IP

PHY 

Standard Message 
Passing Interface

Message Passing Interface 
on-a-chip environment

porting to on-chip 

environments

ocMPI / j2eMPIStandard MPI

Figure 6.5: MPI adaptation for NoC-based systems

The on-chip MPI software stack presented in Figure 6.5, hides NoC-
level features from high-level parallel programming model. In other words,
from the point of view of the software, the API library to perform message
passing is completely independent from NoC architectural choices, such as
topology, flit width, arbitration policy, switching communication scheme,
etc.

150 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



6.5. Embedding MPI for NoC-based MPSoCs 151

6.5.3 Encapsulation, and on-chip MPI Packet Format

This ocMPI message is divided in two parts, a header of 20 bytes with
contains the message passing protocol information, and a variable length
payload which essentially contains the payload data to be sent. As shown
in Figure 6.6, each ocMPI message has the following envelope: (i) Source
rank (4 bytes), (ii) Destination rank (4 bytes), (iii) Message tag (4 bytes), (iv)
Packet datatype (4 bytes), (v) Payload length (4 bytes), and finally (vi) The
payload data (a variable number of bytes).
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Figure 6.6: onMPI/j2eMPI message layout

Later, this ocMPI high level message will split in packets/transactions or
stream of flits according to the channel width of the communication infras-
tructure, in our case a NoC.

6.5.4 A Lightweight on-chip MPI Microtask Stack

Due to the on-chip memory constrains that we have on MPSoCs architec-
tures, and in order to do an efficient and lightweight version of MPI on top
of NoC-based systems, we started the porting process from scratch based on
the source code of the Open MPI-2 initiative [204]. In addition, we carried
out the porting process by using an incremental bottom-up approach with
several refinement phases following the methodology presented in [243].

Mainly, in order to design our lightweight ocMPI we follow the next
considerations:

• All MPI data structures have been simplified in order to get a reduced
memory footprint. The main structures that have been changed are
the communicator, the datatypes and the operations. Thus, we only
create the default communicator, MPI COMM WORLD, and its associated
group.

• No user-defined datatypes and operations are supported.
Only the basic MPI datatypes and operations are defined
(e.g. MPI INT, MPI SHORT, MPI UNSIGNED SHORT, etc.).
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• No support for virtual topologies have been added because
application-specific or custom NoC designs can be modeled by using
the tools presented in [50, 51, 68, 124].

• No Fortran bindings and MPI I/O functions have been included.

• All ocMPI/j2eMPI functions follow the standardized definition and
prototype of MPI 2.0 to keep this portability.

Table 6.2 shows the 20 standard MPI functions ported to our NoC-based
MPSoC platform.

Types of MPI functions Ported MPI functions
ocMPI Init(), ocMPI Finalize(),
ocMPI Initialized(), ocMPI Finalized(),

Management ocMPI Comm size(), ocMPI Comm rank(),
ocMPI Get processor name(),
ocMPI Get version()

Profiling ocMPI Wtick(), ocMPI Wtime()
Point-to-point ocMPI Send(), ocMPI Recv(),
Communication ocMPI SendRecv()
Advanced & ocMPI Broadcast(), ocMPI Barrier()
Collective ocMPI Gather(), ocMPI Scatter(),
Communication ocMPI Reduce(), ocMPI Scan(), ocMPI Exscan()

Table 6.2: Supported functions in our on-chip MPI libraries

This ocMPI implementations is completely layered and advanced
communication routines (such as ocMPI Gather, ocMPI Scatter(),
ocMPI Bcast(), etc.) are implemented using simple point-to-point rou-
tines, such as ocMPI Send() and ocMPI Receive().

Furthermore, our ocMPI implementation does not depend of an OS, and
in consequence, there is not any daemon, such as mpd running allowing
to launch mpirun/mpiexec. Thus, we define the number of processors in-
volved in the NoC using a global variable in a configuration file. Then, we
specify who is the master at compile time by using a pre-compiler directive
-DMASTER on the processor that we require to act as a master of the NoC-
based MPSoC. Finally, the assignment of the rank to each processor is per-
formed at runtime when we call ocMPI Init() function. This enables the
possibility to create different application mappings depending on the appli-
cation requirements. The definition of the cores involved in the NoC-based
MPSoCs is set by a constant named ocMPI CPUs2 declared also in a con-

2This constant expresses the number of available processors involved in the NoC-based
MPSoC, which can be different from the actual available processors on the platform.
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figuration file. This is equivalent to -np option on mpirun/mpiexec com-
mand. Later, as usual, we can obtain how many processors are involved in
the communication and also to know their rank using ocMPI Comm size()
and ocMPI Comm rank() functions, respectively.

6.5.5 Software Stack Configurations

Depending on the application requirements, we can select different software
configuration stacks. Figure 6.7 lists four typical configurations of the ocMPI
library and its stripped code size in bytes3. The minimal working subset of
our ocMPI requires only 4.942 bytes of memory, and it contains the NI driver
and middleware routines and the following six functions:

• ocMPI Init() & ocMPI Finalize(): initializes/ends the ocMPI
software library.

• ocMPI Comm size(): gets the number of all concurrent processes
that run over the NoC-based MPSoC

• ocMPI Comm rank(): gets the rank of a process in the ocMPI soft-
ware library.

• ocMPI Send() & ocMPI Recv(): blocking send/receive functions.
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Figure 6.7: Different software stack configurations (ocMPI library)

3The results shown in Figure 6.7 have been extracted using the nios2-elf-gcc com-
piler with -O2 code size optimization.
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Other interesting software configuration is the basic stack plus the ocMPI
profiling functions. As shown in Figure 6.7 on the previous page, these pro-
filing functions employ large code size because must include both, many
Nios II HAL API functions calls, and libraries to access the required periph-
erals (i.e. the timers and/or the performance counter). This is an important
point to be optimized in the future by creating custom APIs and peripherals.

Finally, Figure 6.7 on the preceding page shows that, the complete ocMPI
library with the advanced collective communication primitives only takes
13.258 bytes, which makes it suitable for embedded and on-chip systems.

6.5.6 Message Passing Communication Protocols

Message passing protocols (see Figure 6.8), as well as intermediate buffers
in MPI determines different trade-offs at the moment of pack/unpack short
and long messages in the runtime library (in conjunction with the hardware
architecture). These elements determine the final performance of our inter-
processor on-chip MPI communication library.

Most of the MPI implementations employ a two-level protocol for point-
to-point messages. Short messages are sent eagerly (see Figure 6.8(a)) to
optimize the communication in terms of latency, while long messages are
typically implemented using a rendezvous mechanism (see Figure 6.8(b)).

send();

recv();

buffer

(a) MPI eager implementation

send();

recv();

request to send

clear-to-send

message

(b) MPI Rendezvous implementation

Figure 6.8: Eager vs. rendezvous message passing communication

The rendezvous implementation is fully synchronous. The sender must
first send a request which includes only the message envelope with the
details of the MPI message (basically the MPI message header presented
in Figure 6.6 on page 151). Later, if the header matches with the receiver,
it will reply with an acknowledgment (often called as clear-to-send), and
finally, the sender will transmit the actual data to be transferred. Further-
more, depending if the send() arrives before the matching recv(), or the
opposite, the sender or the receiver process must be suspended, respec-
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tively. This fact can lead to early sender, late receiver performance ineffi-
ciencies.

On the other side, an ”eager” implementation allows a send operation
to complete without the corresponding receive operation is executed. This
protocol assumes enough buffering capabilities on the system, and often
it is translated to synchronous and buffer communication schemes. This
happen when a send stalls because all available buffer space is full, then the
send routine will wait until buffer become re-available.

Rendezvous has higher message delivery overhead due to the synchro-
nization process than eager protocol. However, since the message to be sent
is large, the overhead of the communication protocol with the receiver is
assumed to be amortized by the transfer. Under rendezvous, the required
buffer space is to hold MPI header (20 bytes for ocMPI).

In our ocMPI implementation, we assumed not very long MPI messages
(few KBs), due to the memory constraints, and the reduce data sets and
workloads used on NoC-based MPSoCs. Therefore, we believe that an eager
protocol, or potential variants to improve under long messages [246], will
outperform rendezvous protocol, which has been implemented in [237].

In addition, it is obvious that local memories in processor nodes can
not be as large in traditional distributed memory multiprocessors. Instead,
scratchpads memories of reasonable size can be used, since they exhibit a
negligible access/energy cost.

In any case, further research will be desirable in order to compare more
quantitatively both message passing communication protocols.

6.5.7 Improving ocMPI Through Tightly-Coupled NIs

The shortcoming of previous work [232–235, 237], is probably the lack
of analysis and improvement between hardware and software interfaces,
which it is present in [230, 247], but definitely it is still now an open issue.

In this work, we introduce an exotic tight-coupled NI implemented as
an assembly custom instruction (CI) inside the processors datapath. This
NI implementation is quite different from the previous ones. In this solu-
tion, we exploit the flexibility offered by the soft-core Nios II architecture to
integrate our own CIs in the ALU within the processor datapath (see Fig-
ure 6.9(a) on the next page). This feature lets us to extend the basic Nios-II
instruction-set by adding our NoC-based tight coupled custom instructions,
as well as it allows to pipeline messages, when they are sent and received.

Obviously, in this implementation, it behaves like a functional unit or
as a co-processor to boost the message passing. The interface of a custom
instruction on a Nios II as shown in Figure 6.9(a) on the following page is
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essentially based on two input operands data[31:0] and datab[31:0],
used to pack the data and the destination address; and the signal n[7:0]
used to select an specific operation, i.e. ciNiSend(), ciNiRecv() or
ciNiStatus(). Finally, the start signal that is asserted by the processor
when the CI starts. The CI generates two outputs, result[31:0] contain-
ing data under read operations, and done indicating when the output is
valid and available.
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Figure 6.9: Tight-coupled NI block diagram

In contrast to bus-based NI implementations, the tight-coupled NI is not
memory mapped on the addressable memory space. Instead, it is attached
directly through a CI inside the CPU, and it has a set of status, control and
data registers as shown in Figure 6.9(b).

• 32-bit Status Register (0x0).

• 32-bit Receive Register (0x4) – Configurable as a FIFO.

• 32-bit Control Register (0x8).

• 32-bit Transmitting Register (0xC) – Configurable as a FIFO.

The status register includes different status bits in order to identify
whether the NI is busy, the queue is full, or there is data to be read. TX and
RX are the registers to send and receive data, whereas the control register is
included for advanced future usage. Based on the address the tight-coupled
NI is able to send/receive messages from any IP core on the NoC-based MP-
SoC. The behaviour of tight-coupled NI relies on the producer/consumer
synchronization.
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Next, in Listing 6.1 are show the three main custom instructions imple-
mented.

Listing 6.1: Tight-coupled NI instructions
// Check NI status register.
// Return the status as a 32-bit integer.
inline int ciNiStatus(void);

// Send 32-bits data to a specific address.
// Return 1 for success, otherwise return < 0.
inline int ciNiRecv(int *data, int address);

// Receive 32-bits data from an specific address on buffer.
// Return 1 for success, otherwise return < 0.
inline int ciNiSend(int *data, int address);

Using this ciNiSend() and ciNiRecv() other specific data exchang-
ing routines according to determined MPI datatypes can be defined.

inline int ciNicSend(byte *buffer, int length, int address);

inline int ciNicRecv(byte *buffer, int length, int address);

inline int ciNicSendChar(char caracter, int address);

inline int ciNicSendDouble(double data, int address); . . . . .

As shown in Section 6.7.2 on page 160, under point-to-point unidirec-
tional or bidirectional traffic our tight-coupled NI can reach better injection
rates than a simple NI which is attached to the system-bus. This is because,
we remove arbitration and decoding phase of buses like AMBA AHB. Nev-
ertheless, this type of exotic NI can be only applicable to soft-core proces-
sors, where the hardware designer can tune the processor datapath.

6.6 OpenMP Framework for NoC-based MPSoCs

In this section we introduce our contribution on the OpenMP framework re-
ported in [183] by adding all QoS features presented in Chapter 4 on page 85
on top of the runtime of the parallel programming model or within the
OpenMP application. This fact will enable QoS features present at NoC-
level from the software application level.

The OpenMP implementation consists of a code translator and a run-
time support library. The framework presented in this paper is based on
the GCC 4.3.2 compiler, and its OpenMP translator (GOMP). The OMP
pragma processing code in the parser and the lowering passes have been
customized to match the peculiarities of our architecture. All the major di-
rectives and clauses are supported by our implementation. Work-sharing
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constructs support all kinds of static and dynamic scheduling, and all syn-
chronization constructs are supported. The runtime library (libgomp) has
been re-implemented from scratch due to the absence of an homogeneous
threading model.

The original implementation of the libgomp library is designed as a wrap-
per around the pthreads library. A #pragma omp parallel directive is
handled outlining the code within its scope into a new function that will
be mapped to parallel threads through a call to pthread create. In our
case, we need to take a different approach, since we cannot rely on a thread
library that allows us to fork a thread onto another core.

The runtime library implements the main() function. Each processor
loads its executable image of the program, and then the execution is differ-
entiated between master and slave threads based on the core ids. After an
initialization step, executed by every thread, the master calls the application
main() function while the slaves wait on a barrier.

The custom translator replaces every #pragma omp parallel direc-
tive with a call to our library function do parallel(), and passes it
two arguments: the address of the parallel function code, and the ad-
dress of a memory location where shared data is placed. In the function
do parallel(), the master updates the addresses at which the slaves will
look for the parallel function and the shared data. At this point it releases
the barrier and all the threads can execute concurrently the outlined func-
tion. At the end of the parallel region the master core continues executing
sequential parts of the application, while the slaves come back on the bar-
rier.

In the OpenMP programming model barriers are often implied at the
end of parallel regions or work-sharing directives. For this reason they are
likely to overwhelm the benefits of parallelization if they are not carefully
designed taking into account hardware peculiarities and potential bottle-
necks. This may happen when the application shows load imbalance in a
parallel region, or when most of the execution time is spent in serial regions.
The latter happens because the remote polling activity of the slaves on the
barrier fills the interconnect with access requests to the shared memory and
to the semaphore device. To address this issue we devised a barrier imple-
mentation that exploits the scratchpad memories. The master core keeps an
array of flags representing the status of each slave (entered or not), and no-
tifies on each slave’s local memory when everybody has arrived on the bar-
rier. Moving the polling activity from the shared memory to local scratch-
pad memory and eliminating the necessity for lock acquisition allows us to
remove the congestion on the interconnect.

158 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



6.6. OpenMP Framework for NoC-based MPSoCs 159

As shown in Figure 6.10, the embedded OpenMP parallel program-
ming model have been mapped on top of a distributed shared memory
NoC-based MPSoC virtual architecture developed using MPARM [54] and
×pipes [52, 53, 69]. In Figure 6.10(a), we depict a general hardware template
of our parallel architecture and the OpenMP software components.
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Figure 6.10: HW-SW view of our OpenMP platform

Our architecture template, as shown in Figure 6.10(b), is a regular 2D-
Mesh NoC-based MPSoC platform, based on a NoC mesh, which consists
of a configurable number of ARM processors and shared memories.

The system contains a master processor (ARM PE master) which is in
charge of supervising the execution, either dynamically or statically, setting
up or tearing down the NoC QoS features through the middleware func-
tions (see Section 4.4 on page 96), of distributing and mapping data around
the shared memories on the OpenMP application. Normally this is the
only processor which will reconfigure the QoS features using the profiled
OpenMP application, but it is important to remark, that the middleware
routines can be invoked by any other slave processor during the execution
of the application if useful.

On the other hand, the system also contains a set of slave processors
(ARM PE slave) which are in charge of execute different parts of OpenMP
kernels distributed by the master. In addition to the PEs, the system in-
cludes two banks of shared memories. The first bank is used for the
OpenMP library runtime support, while the second bank is used to store
the shared data of the OpenMP application. Obviously, the NoC fabric, as
well as the ARM PEs and the shared memories include all QoS features pre-
sented in Section 4.3 on page 89, including QoS NIs initiators/targets and
QoS switches, respectively.
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6.7 Evaluation of on-chip Message Passing
Framework

This section shows the results extracted from the different parallel pro-
gramming models, i.e. ocMPI/j2eMPI using architectures created by NoC-
Maker [51] on Nios-II prototyping platforms, and the OpenMP runtime
framework on an ARM NoC-based MPSoC (see Figure 6.10(b) on the pre-
ceding page).

6.7.1 Profiling the Management ocMPI Functions

This section presents the profiling of ocMPI management functions to
demonstrate its minimum execution overhead. Figure 6.11 presents the re-
sults acquired by performing a monitoring with external non-ocMPI pro-
filing function during the execution of each parallel program. The results
shown that our ocMPI management functions consume around 75 cycles,
with the exception of ocMPI Get processor name() function spends
around 210 clock cycles.
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Figure 6.11: Profiling of the management ocMPI functions

6.7.2 Low-level Message Passing Benchmarks

This section shows the evaluation and profiling of all software layers
of ocMPI/j2eMPI API for message passing. Thus, in this section we
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characterize our ocMPI library by executing several benchmarks in order
to extract the most important communication metrics. Performance pa-
rameters such as link latency, link bandwidth, and synchronization cost
are measured by executing a set of customized micro-benchmarks [248,249].

The process to execute the different micro-benchmarks is the following:

(1) Start the timer – ocMPI Wtime().

(2) Loop modifying the parameters of the micro-benchmark (e.g. size mes-
sage by power of 2, number of executions, etc).

(3) Verify if the micro-benchmark finishes and the system is stable.

(4) Stop the timer – ocMPI Wtime().

(5) Compute the metric.

Firstly, to evaluate the real bandwidth and the injection rate from low-
level functions on the NI, we performed some basic tests, like unidirectional
or ping-pong tests.

Looking at the results on Figure 6.12, the use of the tight coupled NI and
the low-level functions routines is the best choice to communicate any Nios
II based tiles in our NoC-based MPSoC4.
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Figure 6.12: Comparison of a bus-based vs. tight coupled NI

4We used a standard Nios II soft-core processor, on top of an Ephemeral circuit switch-
ing NoC-based system
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The results show that our tight coupled NI integrated in the proces-
sor data-path is faster than our bus-based NI. It offers around 80 Mbps
(counting the software stack) of bandwidth under unidirectional traffic pat-
terns, and the injection rate is close to 1 packet every 40 cycles at only 100
MHz. Figure 6.12 on the previous page shows injection rates for both NI im-
plementations for our Ephemeral circuit switching. Obviously, in all cases
the bandwidth and the injection rate is degraded according to the number
of hops due to end-to-end flow control protocol on the NoC. However, this
degradation is only slightly increasing with the number of hops, and there-
fore it permits to scale up to large N-dimensional mesh NoCs.

Second, we execute some ocMPI functions to profile them by extracting
the execution time. Scalability tests have been done by increasing the num-
ber of IP cores. The ocMPI Init() notifies all the processors on the NoC
the rank and the involved nodes on the cluster on chip.

In Figure 6.13(a), we show the execution time in clock cycles (and the
equivalent in us using 100 MHz clock) to initialize the NoC in different 2D-
Mesh NoC-based MPSoC, where the root processor is placed on the left-
bottom corner. The latency to set up the assign dynamically the ranks on
each processor on the NoC ranges from 3,88 µs for quad-core until 87,96 µs

on a 36-core MPSoC. These times are considered negligible compared to the
execution time of the applications we will run, and furthermore, it is only
done once when ocMPI stack starts.
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Figure 6.13: Execution time of ocMPI Init() & ocMPI Barrier()

In message passing, usually barriers are required on MPI programs to
synchronize all CPUs involved in a parallel task. In Figure 6.13(b), we report
the evolution of the synchronization time in multiple 2D-Mesh NoC-based
MPSoCs architectures. The plot shows the number of barriers/sec we can
run on the MPSoC, as well as, the execution time in µs of a single barrier
using a clock frequency of 100 MHz.
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These metrics, while are topology dependent, shows the overall system
performance and its degradation when the number of cores increase. Both,
ocMPI Init() and ocMPI Barrier() have been implemented without
using any optimization. Thus, the broadcast notification performed in
ocMPI Init() is based on sending N-1 messages from root to the rest of
slave processors, whereas ocMPI Barrier() is implemented on a pure
master-slave software implementation. Software barrier techniques re-
ported in [250] can be a potential improvement by means of using tree or
butterfly approaches.

Finally, in Figure 6.14(a) is plotted the execution time for ocMPI Send()
under unidirectional traffic on the NoC-based MPSoC. On the same figure,
the time to execute ocMPI Send() and ocMPI Recv() is reported under
bidirectional traffic. In both, benchmarks the size of the ocMPI payload have
been change from values ranging from 4 bytes to 1 MByte. On message
passing programs, a typical function to share data among the cores on the
NoC is ocMPI Bcast(). In Figure 6.14(b), we show the execution times to
perform a broadcast in 2x2 and 3x3 NoC-based MPSoCs.
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Figure 6.14: Execution time of point-to-point and broadcast in ocMPI

As expected, the execution time on a 3x3 Mesh increases exponentially
in front of 2x2. The implementation of ocMPI Bcast(), as well as the re-
maining collective communication routines, are implemented using point-
to-point functions (i.e ocMPI Send() and ocMPI Recv()). Furthermore,
its implementation use N-1 point-to-point messages from the broadcast root
to the other nodes inside the communicator. This behaviour can be im-
proved, for instance, by means of using a row-column broadcast scheme.
As before, the execution time is reported varying the packet size from 4
bytes to 1 MByte.

All these benchmarks are taking into account the overhead to execute the
ocMPI software stack on top of the NoC-based MPSoC architecture based on
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a Nios II processors. In addition, in our architectures, we never used a DMA
to transfer data, so depending on the application mapping and communica-
tion patterns the computation not always is concurrent with the communi-
cation.

6.7.3 Design of Parallel Applications using ocMPI library

In order to verify our ocMPI/j2eMPI library a large variety of tests have
been applied on different NoC-based MPSoC architectures, as well as high-
level real application test sets involve well-known parallel applications.

Different parallel applications have been tested using our
ocMPI/j2eMPI.

• Parallel calculation of π: this parallel version to compute π is based on
the following summation approximation presented in Equation 6.1.

π

4
=

∞∑

n=0

(−1)n

2n + 1
(6.1)

• Parallel generation of fractals: a fractal image is generated taking com-
plex number representations and applying, for every point of a deter-
mined area, one simple recursive formula.
The Mandelbrot set M is defined by a family of complex quadratic
polynomials:

fc : C → C givenby fc(z) = z2 + c (6.2)

In Equation 6.2, c is a complex parameter of an arbitrary area.
For each c, one considers the recursive behaviour of the sequence,
(0, fc(0), fc(fc(0)), fc(fc(fc(0))), ...) obtained by iterating fc(z) starting
at z = 0.

Both applications have been parallelized in a distributed master-slave
mode through ocMPI on different multi-core architectures, such as a 2x2
and 3x3 Mesh architectures, with four and nine processors, respectively.
Furthermore, it is important to remark that, the source codes of both ap-
plications have been compiled and executed without any relevant changes
from the source code used in any traditional large-scale distributed system.

As shown in Table 6.3 on the facing page, for each parallel application,
we try four different tests by changing the problem size parameters (i.e. N as
pi precision, and MAX ITERATIONS to fix the definition of the Mandelbrot
set using a fixed 176x144 QCIF image).
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Test # Problem size

Test 1 N=10000 MAX ITERATIONS=64

Test 2 N=100000, MAX ITERATIONS=128

Test 3 N=1000000, MAX ITERATIONS=256

Test 4 N=10000000, MAX ITERATIONS=512

Table 6.3: cpi and Mandelbrot set problem size parameters

Figure 6.15(a) shows the execution time of cpi application according to
the executing of each test obtained by ocMPI Wtime(). In Figure 6.15(b),
we show the speedup according to the number of processors by changing
the pi precision. It is easy to observe that using parallel implementations
we can achieve speedups close to the ideal case (blue discontinuous line),
i.e. according to the number of CPUs integrated in our parallel embedded
platform. For instance, the serial generation of π on Test 4 takes 390,2 s,
whereas its parallel version takes 99,71 s and 43,6 s, on our NoC-based MP-
SoCs with four and nine processors, respectively.
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Figure 6.15: Parallelization of cpi computation

On the other side, in Figure 6.16 on the next page, is presented the results
of the parallel and serie generation of Mandelbrot set. Figure 6.16(a) on the
following page) show the execution times by changing the architecture and
the number of maximum iterations (see for each test, and the speedup of the
parallel generation of Mandelbrot set. Thus, while Test 4 takes around 410 s
in serie, whereas the parallel generation takes 109 s or 47 s, respectively, on
our 2x2 and 3x3 MPSoC Mesh architecture. As we can see in Figure 6.16(b)
on the next page, the speedups are again very close to the ideal (blue discon-
tinuous line). This is because each point of the Mandelbrot can be calculated
independently and there are no data dependencies.
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Figure 6.16: Parallelization of Mandelbrot set application

Because both applications have been parallelized using a large granular-
ity, so the computation-communication ratio is high, and due to the inde-
pendence of the data set, both parallel applications show a very high scala-
bility. In addition, it is important to remark that, the on-chip network com-
munication latencies are almost negligible versus the computation time on
each processor, and as a consequence, in both experiments we get speedups
close to the number of processors.

6.8 Improve OpenMP Kernels using QoS at NoC-
level

OpenMP is a widely adopted shared memory programming API. It allows
to incrementally specify parallelism in a sequential C (or C++, or Fortran)
code through the insertion of specific compiler directives. This work is
based on the OpenMP implementation presented in [183], on top of which,
we integrated our extensions to support QoS-related features.

There are several ways in which priorities and establishment can be ex-
ploited within the OpenMP programming framework. One possibility is to
extend the API with custom directives to trigger prioritized execution for
a particular thread (or group of threads). This option is useful to give the
knowledgeable programmer the possibility of specifying appropriate pri-
oritization patterns at different program points as needed. On the other
hand, keeping the programmer in the decision loop requires insights on
both program behavior and architectural details, thus compromising ease
of programming. A different approach would be to allow the programmer
to express QoS design intent in a very lightweight manner, not by invok-
ing manually QoS-related APIs, but simply by opting to use OpenMP func-

166 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



6.8. Improve OpenMP Kernels using QoS at NoC-level 167

tionality. In this model, the OpenMP runtime is in charge of automatically
invoking low-level QoS calls without further programmer involvement.

In this work we focus on the latter approach, and leave the former for fu-
ture work. The support for QoS at the programming model level has been
integrated in a MPSoC-specific implementation of the OpenMP [183] com-
piler and runtime library based on the GCC 4.3 toolchain.

The idea here is to provide a sort of ”privileged program area” for the
execution of OpenMP threads, which are guaranteed not to be impacted by
the effect of conflicting transactions from non-OpenMP programs. To do
so, we embed in the parallel region manager of our runtime environment
appropriate calls to the setPriority() and resetPriority() middle-
ware API function presented in Section 4.4 on page 96. This has the effect of
establishing prioritized channels towards the memory devices accessed by
threads.

Each thread works on datasets which may change over time (i.e. at each
parallel region). We exploit application profiling to ensure that each thread’s
data, ant any point in time, is accessible at the highest possible priority by
appropriate QoS configuration of the NoC. More specifically, based on pro-
file data priorities are automatically re-set at the beginning of each parallel
region.

6.8.1 Balancing and Boosting Threads

In this section we describe the experimental setup that we considered to im-
plement and evaluate the proposed framework. Our target platform tem-
plate has been described in Figure 6.10(b) on page 159. We implemented
an instance of this template within MPARM cycle accurate simulator [54].
Architectural details are reported in Table 6.4 on the following page.

To test the effectiveness of the approach, we employ a set of variants
of the Loop with dependencies benchmark from the OmpSCR (OpenMP
Source Code Repository suite [251]). In this program a number of paral-
lelization schemes are considered to resolve loop carried dependencies. Due
the possibility of finely tuning the workload through several parameters,
as well as the alternation of communication-intensive and communication-
intensive loops, this benchmark allows us to investigate a number of inter-
esting case studies.

Typically, OpenMP programs achieve balanced parallel execution time
between worker threads by allocating similar amounts of work to each
of them. The most common example in this sense is loop parallelization
with static scheduling, where the iteration space is evenly divided among
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- 3x8 Quasi-Mesh
- Fixed Priorities or Round Robin BE arbitration policy

QoS-based NoC (if no priorization is performed)
parameters - Wormhole packet switching

(FLIT WITDH = 45 bits)
- XY routing
- 8 ARM RISC processor

Processing (4 KB data cache, 8 KB instruction cache)
Elements - QoS-NI initiator

- Private local memories (placed at 0x00-0x07)
Shared - Two banks of 8 shared memories (placed at 0x10-0x1F)
memories - QoS-NI targets
Other - Semaphore (placed at 0x20)

Table 6.4: Parameters of our OpenMP NoC-based MPSoC

threads. Communication is also evenly distributed: threads reference dis-
tinct equally-sized subsets of a shared data structure (i.e. an array).

From the architecture-agnostic application (or compiler) point of view,
this is all that can be done to achieve workload balancing. Unfortunately,
when mapping the application onto the hardware resources, many issues
arise that can break balancing. High contention for the memory device
where shared data is allocated may cause one (or more) thread(s) to be de-
layed in accessing its dataset. Due to the OpenMP semantics, where a bar-
rier is implied at the end of each parallel region, this delay leads to overall
program execution lengthening. Our aim has been to explore the effective-
ness of high-priority packets in solving this issue.

To model the described problem, we allocate four of the eight available
processors to the OpenMP program. The remaining four processors host in-
dependent threads that generate interfering/background traffic generated
by other application. We consider three cases:

• All OpenMP threads within a communication-intensive loop are de-
layed in accessing shared data on a unique memory device.

• All OpenMP threads within a computation-intensive loop are delayed
in accessing shared data on a unique memory device.

• Every OpenMP thread accesses a separate memory device: a single
thread is delayed.

We describe each experiment in detail in the following sections.
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6.8.2 Communication Dominated Loop

One of the techniques considered in our benchmark for loop parallelization
in presence of dependencies is that of replicating the target array prior to
overwriting its location with newly-computed data. The copy operation is
fully parallel, with threads simply reading and writing to memory. In this
experiment, OpenMP threads are hosted on processors four to seven. We al-
locate the target program arrays on a single memory device, namely shared
memory 8. Interfering traffic to the same memory device is generated by
noisy threads, running on processors zero to three.

Results for this experiments are reported in the plot on the left in Fig-
ure 6.17.
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Figure 6.17: Effect of priorities on an OpenMP program unbalanced by
memory contention

The x-axis represents processors zero to seven, whereas on the y-axis
normalized execution time for each of them is reported. The blue bars sketch
program behavior in absence of prioritized transactions, the red bars repre-
sent high priority transactions-enhanced OpenMP threads. It is possible to
notice that in this mapping OpenMP threads experience very unbalanced
execution, due to the effect in the interconnection medium of both memory
device contention and arbitration policy. It is also possible to see that en-
closing the OpenMP program within high priority threads allows achieving
perfect balancing of workload.

Furthermore, program execution – whose performance degradation was
originally dictated by the huge delay on processor 7 – is sped up by 60,25%.
We also want to highlight a kind of ”system-level” effect of priorities. Inter-
fering threads have assigned an amount of work similar to that of OpenMP
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threads to show how the time recovered on processors four to seven is
spread among non-prioritized code on processors zero to three.

6.8.3 Computation Dominated Loop

Once a copy of the original array content is stored in a replica, the second
loop of the benchmark computes the new array element values by applying
a computation-intensive kernel.

The results for this experiment are reported in the plot on the right in Fig-
ure 6.17 on the preceding page. Here the setup is largely similar to that de-
scribed in the previous section. For this reason the behaviour of this loop
closely resembles that of the previous one. Unsurprisingly, due to the re-
duced computation to communication ratio, here the effect of the high pri-
ority transactions is less pronounced. Nonetheless, a speedup of 14,87% is
achieved on loop execution.

6.8.4 Balance Single Thread Interference

As a final experiment, we want to explore the role of priorities in a situation
in which every OpenMP thread is accessing a separate memory device (thus
no contention generates from the program itself). Here we suppose that a
single thread is delayed in communicating with a memory by concurrent
operations performed by other devices in the system (e.g. an accelerator
performing DMA transfers or similar).

We model this situation in the following way. The OpenMP threads are
mapped onto processors zero to three. Each of them executes the whole
loop with dependencies benchmark, but we use a custom feature of our
compiler that allows us to partition shared arrays in as many tiles as cores,
and place the individual tiles onto nearby memories. Thus processor zero
only accesses data on memory zero, processor one only accesses data on
memory one, and so on. All of the interfering threads generate transactions
to memory three, namely the memory accessed by OpenMP thread three.
Looking at the blue bars in Figure 6.18 on the next page, it is possible to no-
tice that this placement seriously degrades the performance of the OpenMP
program, since thread three is delayed by the interfering transactions.

Even in this case it is possible to see that priorities completely solve
the issue. The red bars show that the prioritized OpenMP program
achieves perfectly balanced execution, distributing its original delay over
non-prioritized threads. The overall program execution time achieves a
66,04% speedup.
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Figure 6.18: Effect of priorities on an OpenMP program unbalanced by a
delayed thread

6.9 Conclusion and Open Issues

Through this approach we will be able to program efficiently homogeneous
or heterogeneous NoC-based MPSoCs systems by using a high-level paral-
lel programming models, and speedup applications and threads.

We present a complete software stack in order to exploit effectively
all available computational resources included in our on-chip platform by
adapting high-level MPI to our on-chip microtask communication message
passing programming model.

Thus, we used this software stack to map high-level message passing
parallel applications on a generic distributed-memory 2D-Mesh NoC-based
MPSoC architecture, which it includes several Nios II soft-cores. Because
the standard MPI is not suitable for on-chip systems, due to its large mem-
ory footprint and its high execution latencies, in this work we face an ex-
tremely accurate porting process without relying on an OS, on the design
of a lightweight message passing interface library. This leads to a compact
implementation version of the standard MPI by minimizing internal data
structures, giving only support for basic MPI datatypes and operations, and
defining only the useful functions to an efficient microtask communication
in on-chip environments.
The obtained results in this chapter demonstrate three main issues:

• Mixing well-known modern on-chip architectures (i.e. NoC-based
MPSoC), together with a standard message passing programming
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model produces a reusable, robust an efficient microtask communi-
cation for NoC-based MPSoC.

• Our tiny ocMPI software library for microtask communication is a cus-
tom instance of MPI, and it is a viable solution to program NoC-based
MPSoC architectures through a high-level message passing program-
ming model.

• Due to its intrinsic support for heterogeneous systems, our ocMPI is
a suitable way to program the future homogeneous or heterogeneous
NoC-based MPSoC.

Finally, our ocMPI eases the design of coarse-grain or fine-grain parallel
on-chip applications using the explicit parallelism and synchronization in-
herent in all MPI source codes. Moreover, MPI software designers do not
need reeducation to write and run parallel applications in these NoC-based
MPSoC architectures. This maximizes the productivity of software devel-
opers and the reuse of parallel applications.

As a future work, the ocMPI software library will evolve by adding
more standard MPI functions useful for on-chip high-performance com-
puting applications. The candidates are the non-blocking point-to-point
functions and other collective communication routines. The ocMPI evo-
lution also involves the optimization of the data distribution in most col-
lective communication routines (now ocMPI Bcast() sends N-1 packets
and ocMPI Barrier() uses a inefficient master-slave scheme) using for
instance a binary tree or butterfly distribution algorithms, which have faster
completion times, typically O(log2N).

Additionally, we will continue our research efforts to support custom
hardware IP core modules which participate as stand alone peers in the
ocMPI NoC-based system, instead of a coprocessor inside each tile. For this
approach, a hardware ocMPI protocol must be embedded on the IP core.

On the other side, in this chapter, we introduced a complete framework
to support QoS-related features at the programming model level. More
specifically, we employ a layered design to expose the hardware QoS fea-
tures of a NoC-based MPSoC architecture to the runtime environment of
our OpenMP programming framework. This allows to build an infrastruc-
ture to assign varying levels of priority to the communication issued by
OpenMP tasks.

Based on both a low-cost hardware design and a streamlined software
implementation of the middleware API, we achieved an extremely efficient
support for QoS. The results confirm a very small hardware overhead to
support packet-level QoS. Experiments on a set of representative OpenMP
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kernels show that, under different traffic patterns and thread allocation
schemes, the use of prioritized transactions balance and boosts the overall
execution time by up to 66%.

Future work on this field will focus on further extending the OpenMP
support to QoS-related features. We are exploring the possibility of pro-
viding means for the programmer to explicitly specify prioritized execu-
tion within the program (e.g. with the use of specific compiler directives).
Dynamic priority adjustments entail negligible overhead even at the single
read/write level. Therefore the design overhead vs. performance gain of
very fine grain QoS tuning is open for future study.

For all of these reasons, the outcome of this work will be cluster-on-chip
environment which can be programmed using OpenMP or MPI for high-
performance embedded computing (HPEC).

The discussion, and larger questions driving in this chapter is related to
the software implication on a NoC-based MPSoCs. While there is a con-
siderable large body of research in parallel programming models or soft-
ware dependent stacks on cache coherent processors, in this dissertation,
we believe that the advantages of message passing software in naturally
distributed NoC-based MPSoCs are too great to be ignored.

First, managing messages and explicitly distributing data structures
adds considerable complexity to the software development process. This
complexity, however, is balanced by the greater ease of avoiding race con-
ditions when all sharing of data is through explicit messages rather than
through a shared address space.

Second, it is quite difficult to write software with predictable perfor-
mance when the state of the cache is not predictable at all. A NoC-based
MPSoC without cache coherence between cores avoids this problem.

Third, there are software engineering advantages to message passing ar-
chitectures to model the software application. Software modules often are
built upon the idea, that computing occurs on a ”black box” entity, and the
exchange of information only happen through the interfaces of it. A mes-
sage passing architecture and its parallel programming model, like MPI,
naturally supports this, and shared data only occurs when explicitly mes-
sages are transmitted and received.

Despite this, definitely, as a future work, the idea is to perform a fair
comparison between both parallel programming models using a set of
generic NoC-based MPSoC architecture, and benchmarks, in order to shed
light on this open issue at the moment of program a multi-core system.
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CHAPTER 7

Conclusions and Future Work

This short chapter reviews the initial motivations, shows the general con-
clusions related to this Ph.D dissertation, and afterwards, it lists open issues
and potential future research directions on the area following this research.

7.1 Overview and General Conclusions

Emerging consumer applications demand high performance and, specially
when we are in the embedded domain, low-power and low-cost systems.
The research, as well as the industry community, moved to design homo-
geneous or heterogeneous multi-core/many-core/MPSoC to fulfill the de-
mands for next-generation SoCs.

Thus, we are witnessing the continuous growing on the number of pro-
cessing elements and internal memory on the current situation and future
multi-core systems (i.e. many-core or MPSoCs). In Figure 7.1 on the follow-
ing page, we show the actual, and the prediction made by The International
Technology Roadmap for Semiconductors in terms of number of components,
internal memory, and the required performance on the upcoming years.

Thus, we are facing a big change, on hardware and software design, and
attending on the revolution towards parallel processing, since future plat-
forms will integrate multiple cores. We are still following Moore’s law (dou-
bling the number of transistors every 2 years), and shifting from the dead
micro-architecture’s Moore’s law (double the performance per core every
2 years) towards a multi-core’s Moore’s law. This new Moore’s law says
that the number of cores per chip doubles every 2 years, and by extension it
also claims to double the parallelism per workload every 2 years in conjunc-
tion with their architectural support, resulting on doubling the final perfor-
mance per chip every 2 years.
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In fact, as shown in Figure 7.1(a), the prediction shows that in 5 years
time frame, i.e. in 2015, we will have to deal with hundreds of processors
between main CPUs, and processing elements on SoC architectures which
should deliver around 10 TFLOPS. In addition, as shown in Figure 7.1(b),
the amount of memory will also increase in concordance with them, which
opens many opportunities to design efficient memory hierarchies.

(a) (b)

Figure 7.1: SoC consumer design complexity trends (extracted from [1])

Considering that multi-core platforms are here, this dissertation pro-
vides a set of contributions to the scientific (exploring most degrees of free-
dom of NoC design space, see Figure 7.2(a) on the next page), and hopefully
to the industry community, to face multi-core and many-core key design
challenges:

• Design suitable NoC interconnections through EDA tools in order to
generate energy efficient embedded multi-core systems.

• Simulation and validation environments, as well as real FPGA proto-
typing of NoC-based MPSoCs systems using different soft-core pro-
cessors architectures (i.g. Nios II and ARM Cortex-M1).

• Design NoC interfaces to intercommunicate MPSoCs with heteroge-
neous standard protocols, such as OCP-IP and AMBA 2.0 AHB.

• Design and exploration of an AMBA AHB standalone FPU accelera-
tor to speedup floating point operations, which can be also shareable
among several processors, depending on system requirements.

• A reasonable low-cost hardware-software runtime guaranteed ser-
vices QoS support for NoC-based systems.
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• An efficient lightweight message passing parallel programming
model and its specific hardware support to enable low latency inter-
process communication, to enable parallel computing, and speedup
parallel applications on a chip.

• Exploration on supporting QoS on top of OpenMP parallel program-
ming model to boost critical threads, balance traffic, and meet appli-
cation requirements, on a cluster on chip.

This Ph.D dissertation explores the three main key challenges to de-
sign full featured high performance embedded multi-core systems, at
both, hardware and software level: (i) the interconnection backbone based
on NoC paradigm through our NoCMaker EDA tool [50, 51], (ii) the
hardware-software interfaces and to provision QoS through middleware
routines [252], to enable runtime reconfiguration of hardware features, and
(iii) the adaptation and/or customization of well-know parallel program-
ming models, in our case MPI [129, 253, 254] to enable embedded parallel
computing.

As is shown in Figure 7.2(b), this dissertation also states that using and
combining well-know concepts, such as general theory on communication
networks, with emerging many-core MPSoC and NoC-based architectures,
in conjunction with parallel programming models, it generates new knowl-
edge to face the trends on the design and prototyping of cluster on-chip
multi-core architectures.
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Figure 7.2: Thesis overview and NoC design space overview

Using the initial HW-SW methodology (see Figure 1.4 on page 14), and
thanks to the presented HW-SW components developed and presented
along this Ph.D thesis, multiple scalable multi-core and MPSoC architec-
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tures have been designed by exploiting hardware features using software
facilities.

More in detail, in Chapter 2, this dissertation has demonstrated that, us-
ing xENoC – NoCMaker as EDA tool, we can reach a rapid and correct-
by-construction prototyping of different interconnection fabrics for next-
generation NoC-based MPSoCs, as well as a robust simulation and valida-
tion environment to obtain early estimations in terms of area costs, power
consumption and performance. We demonstrated that our variant of circuit
switching uses around 15% less area than a conventional packet switching
with minimal buffer capabilities. We also shown trade-offs between com-
mon regular topologies, giving the ratio between the communication and
the computational resources, in several embedded parallel Nios II NoC-
based MPSoC architectures. The tool flow will enhance the design produc-
tivity and bridge the gap between computation and communication archi-
tecture.

In Chapter 3, we shown the design of a full featured AMBA 2.0 AHB NI,
which is OCP-IP compatible. The results shown that, our NI design is slim
and efficient. The area overhead is around 25% (which does not impact a lot
on the final size of the NoC backbone) compared to the equivalent OCP-IP
NI. This is mainly because of the fact that, it is required to adapt AMBA 2.0
AHB to OCP-IP signals, and the pipelined nature of AMBA 2.0 AHB. On
the other side, the circuit performance only drops ∼1,5%, that can definitely
be considered negligible. The main benefit of this work is that enables the
reusability, enabling the transparent plug&play of pre-designed and pre-
tested IP cores compliant with these two on-chip communication protocols.
Thus, on the final NoC-based system, all IP blocks will be fully compatible
at transactional level from the user point of view. This is a key challenge to
boost design productivity, and fast time-to-market, at the moment of design
multi-protocol heterogeneous multi-core systems.

In Chapter 4, we provisioned runtime QoS (i.e. a traffic class classifica-
tion using a unified buffer priority scheme, and guaranteed services using
the emulation of circuit switching on wormhole packet switching NoC back-
bone) on AMBA AHB and OCP Network Interfaces at NoC level through
middleware software routines. On average, the area overhead to support
QoS from middleware software routines at NI level is about 20% on area,
and without any influence on circuit performance (i.e. fmax). Despite this
fact, at switch level, the inclusion of QoS features shows an important im-
pact, specially when the number of priority levels increase, in terms of area
and performance. Thus, our tests assess an area overhead of 25% and 40-
50% (depending on the target device), when we support 2 and 4 levels of
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priority, respectively. Furthermore, this impact raises up dramatically until
100% (i.e. doubling the area of a switch without QoS) if 8 levels of priority
are supported on the switch. On the other side, on average, the circuit per-
formance drops also significantly on the tested FPGA devices, i.e. 15-20%,
24-29% and 35% with 2, 4, and 8 priority levels, respectively. Despite this
fact, the benefits are big since we can handle and balance traffic, or guaran-
teed throughput at runtime, when congestion and hotspots appear on the
NoC backbone.

In Chapter 5, we explored the way to accelerate floating point instruc-
tions designing a standalone memory mapped (either as a NoC tile or cross-
bar element) FPU accelerator, exploring the different HW-SW notification
protocols to enable HW assisted FP instructions. Moreover, we also inves-
tigated their shareability among different ARM Cortex-M1 processors on a
full featured cluster on chip. Final results demonstrate execution speedups
ranging from ∼3x to ∼45x compared with an equivalent ARM emulated
floating point software library. At only 50 MHz, the cluster on chip platform
delivers 1.1-3.5 MFLOPs, depending on the CPU-FPU notification protocol
used.

In Chapter 6, an efficient lightweight MPI-based parallel programming
model SW stack have been designed and targeted to inter-process commu-
nication on a chip. The software stack with the most common MPI commu-
nication functions only requires ∼13 KB, which makes it suitable for embed-
ded multi-core systems. Inter-process communication latencies have been
profiled under different workloads, as well as for barrier synchronization,
quantified around tens of µs to distribute small data sets running the system
at 100 MHz. Traditional highly parallel applications have been parallelized
resulting on speedups close to the number of processors. This demonstrates
its feasibility to be the parallel programming model of future distributed
NoC-based MPSoCs or many-core architectures. The source codes of par-
allel applications have been compiled and executed without any relevant
changes from the source MPI codes used in any traditional large-scale dis-
tributed system, which enables software code reuse, and the unnecessary
re-education of software developers.

On the other side, along Chapter 6, we improved OpenMP kernels ap-
plying QoS on top of the shared memory parallel programming model tar-
geted to embedded systems. Thus, we are able to balance, boost threads,
and definitely to fulfill application requirements, when interfering work-
loads use an specific resources (in our case the shared memories) which are
also used by the runtime OpenMP software layer. The outcome are execu-
tion speedups up to 66% in traditional OpenMP loop parallelization.
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Even if further investigation should be done, the author believe that this
Ph.D dissertation, with all the engineering contributions, is a first step to-
wards the required software driven flexibility enhancing its programma-
bility through high-level parallel programming models to achieve high-
performance embedded computing.

7.2 Open Issues and Future Work

As described before, at the end of each chapter, there are few specific future
work according to each specific topic presented in this Ph.D dissertation.

In Chapter 2, the main open issue is to extend our EDA tool, i.e. NoC-
Maker, in order to generate application-specific NoC-based MPSoC archi-
tectures.

In Chapter 3, the most important enhancement as future work, it will be
to improve NIs to handle as much as possible inter-protocol interoperability
and compatibility (i.e AHB, AXI, OCP, etc). This will increase even more
IP reuse, as well as transparent plug&play of commodity IPs of different
protocols to design next generation NoC-based SoCs.

In Chapter 4, as future research, the idea is to provision runtime monitor-
ing, DVFS and dynamic power and thermal management services applying
the same philosophy presented on the chapter, which is focus to provide
exclusively runtime QoS using hardware support and software middleware
routines.

In Chapter 5, as future work, the main target is to expand the function-
ality of the standalone single precision FPU accelerator to support double
precision floating point operations, and study more in deep the configura-
tion of the register file to enable pipeline transactions using the intercom-
munication fabric (i.e. hierarchical bus or NoC backbone).

In Chapter 6, as future research, the idea is to explore the hybrid par-
allelization using OpenMP and MPI, and potential extensions and their in-
teraction to enable a better synergy with the next generation of embedded
parallel heterogeneous architectures.

The industry had manufactured different experimental research proto-
types of many-core architecture using regular 2D Mesh NoC backbones (e.g.
Ambric [255, 256], Tilera [257], and 80-core Polaris [200, 258]). Very recently,
Intel launched within Intel’s Tera-scale Computing Research Program [259], a
fully compliant x68 Intel Architecture 48-core Single-Chip Cloud Computer
(SCC) [260], and Larrabee GPGPU [261] for visual computing, which are an
evolution of its predecessor Polaris.

Even if, the industry manufacture experimental many-core chips, there
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is still a big hole in research, to enable the easy programmability and recon-
figurability of these many-core chips through high-level parallel program-
ming models. As proposed in this Ph.D dissertation, some of them include
hardware support to enable message passing communication and synchro-
nization models and equivalent stream-based software stacks.

However, this open issue, will be even more challenging where the
multi-core execution platform tends to be asymmetric or more heteroge-
neous. As a consequence, more research and development must be done
in this direction, in order to define potentially hybrid or adaptive parallel
programming models and runtime layers, which can exploit on different
scenarios, all features present on the hardware execution platform.

In Figure 7.3, we highlight the prediction done by The International Tech-
nology Roadmap for Semiconductors, which clearly list future directions de-
picting the increasing importance of software costs in the future for SoC
design. Thus, in next years we will shift towards heterogeneous parallel
processing, and more far to system design automation, going through by
the generation of HW-SW intelligent testbenchs and runtime debuggers at
higher levels of abstraction, since verification is still consuming most of the
time at the moment to design complex HW-SW multi-core systems.

Figure 7.3: HW-SW design costs on future SoC platforms (from [1])

Thus, there are several exciting and challenging long term open issues
and research lines that can be performed specially on the parallel program-
ming software area. In this section, we summarize the current works in
progress and future research directions:

• Runtime reconfiguration of NoC services (thermal and power man-
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agement, performance monitoring and debugging, service discovery,
reliability and fault tolerance, ...) using hardware support and mid-
dleware software libraries.

• Hybrid programming of future 2D/3D NoC-based MPSoC or many-
core chips.

• Intelligent functional verification, and runtime system level debug-
ging through hardware and software components.

• Adapting existing debugging, and performance analysis HPC tools in
conjunction with the presented parallel programming models for the
embedded domain.

Thus, future parallelization on heterogeneous multi-core execution plat-
forms must be capable of dynamically adapting once the application is com-
piled on the underlying hardware (2D, 3D chips), by changing the number
of cores, number of function units, modifying the NoC design space param-
eters, changing between power-modes, as well as track potential HW or SW
bugs, etc. In addition, to the static parallelization framework demonstrated
in this thesis, an OS or a runtime system layer will be required to enable run-
time application reconfiguration over time, re-evaluating the initial static
parallelism strategy, and execution decisions, whenever it is required.
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Glossary

3G Third-generation - Is a third generation of mobile phone standards and tech-
nology, after 2G. It is based on the International Telecommunication Union
(ITU) family of standards under the International Mobile Telecommunica-
tions programme, IMT-2000. 3G technologies enable network operators to
offer users a wider range of more advanced services while achieving greater
network capacity through improved spectral efficiency. Services include
wide-area wireless voice telephony and broadband wireless data, all in a
mobile environment.

ALU Arithmetic and Logic Unit - Component of the central processing unit, CPU
that performs calculations and logical operations.

API Application Programming Interface - Is the interface that a computer sys-
tem, library or application provides in order to allow requests for services
to be made of it by other computer programs, and-or to allow data to be
exchanged between them.

ASIC Application-Specific Integrated Circuit - Is is an integrated circuit (IC)
customized for a particular applications rather than intended for general-
purpose use.

ASIP Application Specific Instruction-Set Processor - Is a methodology used in
SoC design. It represents a compromise between ASIC and general purpose
CPU. In ASIP, the instruction set provided by the core can be configured to
fit the specific application. This configurability of the core provides a trade-
off between flexibility and performance. Usually, the core is divided into
two parts: static logic which defines a minimum ISA and configurable logic
which can be used to design new instructions.

CMP Chip-Level Multiprocessing - In computing, chip-level multiprocessing is
symmetric multiprocessing (SMP) implemented on a single VLSI integrated
circuit. Multiple processor cores (multicore) typically share a common
second- or third-level cache and interconnect.



CMT Chip multithreading - Is the capability of a processor to process multiple
software threads and supports simultaneous hardware threads of execution.
CMT is achieved by having multiple cores on a single chip (to share chip re-
sources such as, the memory controller and the L2 cache) or multiple threads
on a single core.

DMA Direct Memory Access - Is a feature of modern computers that allows cer-
tain hardware subsystems within the computer to access system memory
for reading and/or writing independently of the central processing unit.
Computers that have DMA channels can transfer data to and from devices
with much less CPU overhead than computers without a DMA channel

DSM Deep Sub-Micrometre Technology.

DSP Digital Signal Processor - Is a specialized microprocessor designed specif-
ically for digital signal processing (sound, video streaming...) generally in
real-time.

DVFS Dynamic Voltage Frequency Scaling - Is a technique in computer architec-
ture whereby the frequency of a microprocessor can be automatically ad-
justed on-the-fly, either to conserve power or to reduce the amount of heat
generated by the chip.

EDA Electronic Design Automation - is the category of tools for designing and
producing electronic systems ranging from printed circuit boards (PCBs) to
integrated circuits (ICs). This is sometimes referred to as ECAD (electronic
computer-aided design) or just CAD.

ESL Electronic System Level - An emerging electronic design methodology for
SoCs which focuses on the higher abstraction level concerns first and fore-
most. ESL is evolving into a set of complementary methodologies that en-
able embedded system design, verification, and debugging through to the
hardware and software implementation of custom SoC, system-on-FPGA,
system-on-board, and entire multi-board systems. ESL can be accomplished
through the use of SystemC as an abstract modeling language.

FFT Fast Fourier Transform - Is an efficient algorithm to compute the discrete
Fourier transform (DFT) and its inverse. FFTs are of great importance to a
wide variety of applications, from digital signal processing to solving partial
differential equations to algorithms for quickly multiplying large integers.

FPGA Field Programmable Gate Array - A field programmable gate array (FPGA)
is a semiconductor device containing programmable logic components and
programmable interconnects. The programmable logic components can be
programmed to duplicate the functionality of basic logic gates such as AND,
OR, XOR, NOT or more complex combinational functions such as decoders
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or simple math functions. In most FPGAs, these programmable logic com-
ponents (or logic blocks, in FPGA parlance) also include memory elements,
which may be simple flip-flops or more complete blocks of memories.

FPU Floating Point Unit - Is a part of a computer system specially designed to
carry out operations on floating point numbers. Typical operations are float-
ing point arithmetic (such as addition and multiplication), but some systems
may be capable of performing exponential or trigonometric calculations as
well (such as square roots or cosines).

FSM Finite State Machine - Is is a model of behavior composed of a finite number
of states, transitions between those states, and actions.

GALS Globally Asynchronous Locally Synchronous Circuits - Is a system which
do not have a global clock, but wherein each submodule is independently
clocked.

GPS Global Positioning System - Is the only fully functional Global Naviga-
tion Satellite System (GNSS). Utilizing a constellation of at least 24 medium
Earth orbit satellites that transmit precise microwave signals, the system en-
ables a GPS receiver to determine its location, speed, direction, and time.

GUI Graphical User Interface - Is a type of user interface which allows people
to interact with a computer and computer-controlled devices which employ
graphical icons, visual indicators or special graphical elements, along with
text, labels or text navigation to represent the information and actions avail-
able to a user.

HDL Hardware Description Language - In electronics, a hardware description
language or HDL is any language from a class of computer languages for
formal description of electronic circuits. It can describe the circuit’s opera-
tion, its design, and tests to verify its operation by means of simulation.

HSDPA High-Speed Downlink Packet Access - Is a 3G (third generation) mo-
bile telephony communications protocol in the High-Speed Packet Access
(HSPA) family, which allows networks based on Universal Mobile Telecom-
munications System (UMTS) to have higher data transfer speeds and capac-
ity.

IC Integrated Circuit - A monolithic integrated circuit is a miniaturized elec-
tronic circuit (consisting mainly of semiconductor devices, as well as passive
components) which has been manufactured in the surface of a thin substrate
of semiconductor material.

IP Intellectual Property core - Is a reusable hardware component, represented
either as synthesizable HDL, or as hardware netlist, or as layout, part of a
system-on-chip.
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ISA Instruction Set Architecture - Is the part of the computer architecture related
to programming, including the native data types, instructions, registers, ad-
dressing modes, memory architecture, interrupt and exception handling,
and external IO. An ISA includes a specification of the set of opcodes (ma-
chine language), the native commands implemented by a particular CPU
design.

LUT Look-up Table - Is a data structure, usually an array or associative array,
used to replace a runtime computation with a simpler lookup operation.
The speed gain can be significant, since retrieving a value from memory is
often faster than undergoing an expensive computation.

NoC Network-on-Chip - Is a new approach to design the communication subsys-
tem of SoCs. NoC-based systems can accommodate multiple asynchronous
clocking that many of today’s complex SoC designs use. NoC brings net-
working theories and systematic networking methods to on-chip commu-
nication and brings notable improvements over conventional bus systems.
NoC greatly improve the scalability of SoCs, and shows higher power effi-
ciency in complex SoCs compared to buses.

NUMA Non Uniform Memory Access - Is a computer memory design used in
multiprocessors, where the memory access time depends on the memory
location relative to a processor. Under NUMA, a processor can access its
own local memory faster than non-local memory, that is, memory local to
another processor or memory shared between processors.

OCB On-chip Bus - Term to define hierarchical or shared integrated on-chip com-
munication bus used in SoCs in order to interconnect IP cores (e.g. AMBA,
Avalon, IBM CoreConnect, Wishbone, STBus, etc).

ocMPI on-chip Message Passing Interface - Lightweight version of MPI presented
in this dissertation targeted to the emerging NoC-based MPSoCs.

QoS Quality of Service - In the fields of packet-switched networks and com-
puter networking, the traffic engineering term Quality of Service, refers to
resource reservation control mechanisms. Quality of Service can provide
different priority to different users or data flows, or guarantee a certain level
of performance to a data flow in accordance with requests from the applica-
tion program or the internet service provider policy.

RTL Register Transfer Level - Is a way of describing the operation of a digital
circuit. In RTL design, a circuit’s behavior is defined in terms of the flow
of signals or transfer of data between registers, and the logical operations
performed on those signals. RTL is used in HDLs like Verilog and VHDL to
create high-level representations of a circuit, from which lower-level repre-
sentations and ultimately actual wiring can then be derived.
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SDR Software-Defined Radio - Is a radio communication system which can tune
to any frequency band and receive any modulation across a large frequency
spectrum by means of a programmable hardware which is controlled by
software. An SDR performs significant amounts of signal processing in a
general purpose computer, or a reconfigurable piece of digital electronics.
The goal of this design is to produce a radio that can receive and transmit a
new form of radio protocol just by running new software.

SMP Symmetric Multiprocessing - Is a multiprocessor computer architecture
where two or more identical processors can connect to a single shared main
memory.

SoC System-on-Chip - Is an idea of integrating all components of a computer
or other electronic system into a single chip. It may contain digital, analog,
mixed-signal, and often radio-frequency functions all on one chip. A typical
application is in the area of embedded systems.

TDMA Time Division Multiple Access - Is a channel access method for shared
medium (usually radio) networks. It allows several users to share the same
frequency channel by dividing the signal into different timeslots.

TLM Transaction-Level Modeling - Is a high-level approach to modeling digi-
tal systems where details of communication among modules are separated
from the details of the implementation of functional units or of the commu-
nication architecture. At the transaction level, the emphasis is more on the
functionality of the data transfers - what data are transferred to and from
what locations - and less on their actual implementation, that is, on the ac-
tual protocol used for data transfer.

UART Universal Asynchronous Receiver/Transmitter - Is a type of asynchronous
receiver/transmitter, a piece of computer hardware that translates data be-
tween parallel and serial interfaces. Used for serial data telecommunication
(i.e. serial ports), a UART converts bytes of data to and from asynchronous
start-stop bit streams represented as binary electrical impulses.

UMA Uniform Memory Access - Is a computer memory architecture used in par-
allel computers having multiple processors and probably multiple memory
chips. All the processors in the UMA model share the physical memory uni-
formly. Cache memory may be private for each processor. In a UMA archi-
tecture, accessing time to a memory location is independent from which pro-
cessor makes the request or which memory chip contains the target memory
data.

UML Unified Modelling Language - In software engineering, is a non-proprietary
specification language for object modelling. UML is a general-purpose mod-
elling language that includes a standardized graphical notation used to cre-
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ate an abstract model of a system, referred to as a UML model. UML is
extendable as it offers a profile mechanism for customization.

UMTS Universal Mobile Telecommunications System - Is one of the third-
generation (3G) cell phone technologies. Currently, the most common form
uses W-CDMA as the underlying air interface, is standardized by the 3GPP,
and is the European answer to the ITU IMT-2000 requirements for 3G cellu-
lar radio systems.

VLIW Very Long Instruction Word - It refers to a CPU architectural approach to
taking advantage of instruction level parallelism (ILP) The performance can
be improved by executing different sub-steps of sequential instructions si-
multaneously, (this is pipelining), or even executing multiple instructions
entirely simultaneously as in superscalar architectures. Further improve-
ment can be realized by executing instructions in an order different from
the order they appear in the program; this is called out of order execution.
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“A New Model for NoC-based Distributed Heterogeneous System
Design,” in PARCO’05: International Conference on Parallel Computing,
2005, pp. 777–784.

[219] C. Ferri, T. Moreshet, R. I. Bahar, L. Benini, and M. Herlihy, “A Hard-
ware/Software Framework for Supporting Transactional Memory in
a MPSoC Environment,” vol. 35, no. 1, 2007, pp. 47–54.

[220] “ARM11 MPCore Processors,” ARM Ltd, 2004,
http://www.arm.com/products/processors/classic/arm11/arm11-mpcore.php.

[221] Q. Meunier and F. Petrot, “Lightweight Transactional Memory sys-
tems for large scale shared memory MPSoCs,” in Proc. Joint IEEE
North-East Workshop on Circuits and Systems and TAISA Conference
NEWCAS-TAISA ’09, June 2009, pp. 1–4.

[222] M. Forsell, “A Scalable High-Performance Computing Solution for
Networks on Chips,” IEEE Micro, vol. 22, no. 5, pp. 46–55, Sept. 2002.

[223] W.-C. Jeun and S. Ha, “Effective OpenMP Implementation and Trans-
lation For Multiprocessor System-On-Chip without Using OS,” in
Proc. Asia and South Pacific Design Automation Conference ASP-DAC ’07,
Jan. 23–26, 2007, pp. 44–49.

[224] K. OBrien, K. OBrien, Z. Sura, T. Chen, and T. Zhang, “Supporting
OpenMP on Cell,” International Journal of Parallel Programming, vol. 36,
no. 3, pp. 289–311, 2008.

[225] F. Liu and V. Chaudhary, “Extending OpenMP for Heterogeneous
Chip Multiprocessors,” in Proc. International Conference on Parallel Pro-
cessing, 2003, pp. 161–168.

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 213

http://www.arm.com/products/processors/classic/arm11/arm11-mpcore.php


[226] A. A. Jerraya, A. Bouchhima, and F. Pétrot, “Programming Models
and HW-SW Interfaces Abstraction for Multi-Processor SoC,” in DAC
’06: Proceedings of the 43rd annual Design Automation Conference. New
York, NY, USA: ACM, 2006, pp. 280–285.

[227] L. Kriaa, A. Bouchhima, M. Gligor, A. Fouillart, F. Pétrot, and A. Jer-
raya, “Parallel Programming of Multi-processor SoC: A HW-SW Inter-
face Perspective,” International Journal of Parallel Programming, vol. 36,
no. 1, pp. 68–92, 2008.

[228] M. Youssef, S. Yoo, A. Sasongko, Y. Paviot, and A. Jerraya, “Debug-
ging HW/SW Interface for MPSoC: Video Encoder System Design
Case Study,” in DAC’04: Proceedings of the 41st Design Automation Con-
ference, 2004, 2004, pp. 908–913.

[229] M. Bonaciu, S. Bouchhima, W. Youssef, X. Chen, W. Cesario, and
A. Jerraya, “High-Level Architecture Exploration for MPEG4 Encoder
with Custom Parameters,” in Proc. Asia and South Pacific Conference on
Design Automation, Jan. 24–27, 2006, p. 6pp.

[230] P. Francesco, P. Antonio, and P. Marchal, “Flexible Hardware/Soft-
ware Support for Message Passing on a Distributed Shared Memory
Architecture,” in DATE ’05: Proceedings of the conference on Design, Au-
tomation and Test in Europe, 2005, pp. 736–741.

[231] A. Dalla Torre, M. Ruggiero, and L. Benini, “MP-Queue: An Efficient
Communication Library for Embedded Streaming Multimedia Plat-
forms,” in Embedded Systems for Real-Time Multimedia, 2007. ESTIMedia
2007. IEEE/ACM/IFIP Workshop on, Oct. 2007, pp. 105–110.

[232] M. Ohara, H. Inoue, Y. Sohda, H. Komatsu, and T. Nakatani, “MPI
Microtask for Programming the Cell Broadband Engine™ Processor,”
IBM Syst. J., vol. 45, no. 1, pp. 85–102, 2006.

[233] J. A. Williams, I. Syed, J. Wu, and N. W. Bergmann, “A Reconfigurable
Cluster-on-Chip Architecture with MPI Communication Layer,” in
FCCM ’06: Proceedings of the 14th Annual IEEE Symposium on Field-
Programmable Custom Computing Machines, 2006, pp. 350–352.

[234] P. Mahr, C. Lorchner, H. Ishebabi, and C. Bobda, “SoC-MPI: A Flex-
ible Message Passing Library for Multiprocessor Systems-on-Chips,”
in Proc. International Conference on Reconfigurable Computing and FPGAs
ReConFig ’08, Dec. 3–5, 2008, pp. 187–192.

214 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



[235] J. Psota and A. Agarwal, “rMPI: Message Passing on Multicore Pro-
cessors with on-chip Interconnect,” Lecture Notes in Computer Science,
vol. 4917, p. 22, 2008.

[236] M. B. Taylor, J. Kim, J. Miller, D. Wentzlaff, F. Ghodrat, B. Greenwald,
H. Hoffman, P. Johnson, J.-W. Lee, W. Lee, A. Ma, A. Saraf, M. Seneski,
N. Shnidman, V. Strumpen, M. Frank, S. Amarasinghe, and A. Agar-
wal, “The Raw Microprocessor: A Computational Fabric for Software
Circuits and General-Purpose Programs,” IEEE Micro, vol. 22, no. 2,
pp. 25–35, 2002.

[237] M. Saldaña and P. Chow, “TMD-MPI: An MPI Implementation for
Multiple Processors Across Multiple FPGAs,” in Field Programmable
Logic and Applications, 2006. FPL ’06. International Conference on, Aug.
2006, pp. 1–6.

[238] A. Agbaria, D.-I. Kang, and K. Singh, “LMPI: MPI for Heterogeneous
Embedded Distributed Systems,” in Proc. 12th International Conference
on Parallel and Distributed Systems ICPADS 2006, vol. 1, 2006, p. 8pp.

[239] N. Saint-Jean, P. Benoit, G. Sassatelli, L. Torres, and M. Robert, “MPI-
Based Adaptive Task Migration Support on the HS-Scale System,”
VLSI, IEEE Computer Society Annual Symposium on, vol. 0, pp. 105–110,
2008.

[240] G. M. Almeida, G. Sassatelli, P. Benoit, N. Saint-Jean, S. Varyani,
L. Torres, and M. Robert, “An Adaptive Message Passing MPSoC
Framework,” International Journal of Reconfigurable Computing, 2009.

[241] N. Saint-Jean, G. Sassatelli, P. Benoit, L. Torres, and M. Robert, “HS-
Scale: a Hardware-Software Scalable MP-SoC Architecture for Em-
bedded Systems,” in VLSI, 2007. ISVLSI ’07. IEEE Computer Society
Annual Symposium on, March 2007, pp. 21–28.

[242] “The Multicore Association – The Multicore Communication API
(MCAPI),” http://www.multicore-association.org/home.php.

[243] T. P. McMahon and A. Skjellum, “eMPI/eMPICH: embedding MPI,”
in Proc. Second MPI Developer’s Conference, July 1–2, 1996, pp. 180–184.

[244] Centre de Prototips i Solucions Hardware-
Software Lab, “NoCMaker Project,” 2007,
http://www.cephis.uab.es/proj/public/nocmaker/index.xhtml.

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 215

http://www.multicore-association.org/home.php
http://www.cephis.uab.es/proj/public/nocmaker/index.xhtml


[245] W. Gropp, E. Lusk, and A. Skjellum, Using MPI: Portable Parallel Pro-
gramming with the Message-Passing Interface. the MIT Press, 1999.

[246] R. Brightwell and K. D. Underwood, “Evaluation of an Eager Protocol
Optimization for MPI,” in PVM/MPI, 2003, pp. 327–334.

[247] F. Poletti, A. Poggiali, D. Bertozzi, L. Benini, P. Marchal, M. Loghi, and
M. Poncino, “Energy-Efficient Multiprocessor Systems-on-Chip for
Embedded Computing: Exploring Programming Models and Their
Architectural Support,” Computers, IEEE Transactions on, vol. 56, no. 5,
pp. 606–621, May 2007.

[248] P. Mucci and K. London, “The MPBench Report,” Tech. Rep., 1998.

[249] D. Grove and P. Coddington, “Precise MPI Performance Measurement
Using MPIBench,” in In Proceedings of HPC Asia, 2001.

[250] O. Villa, G. Palermo, and C. Silvano, “Efficiency and Scalability of
Barrier Synchronization on NoC Based Many-Core Architectures,” in
CASES ’08: Proceedings of the 2008 international conference on Compilers,
architectures and synthesis for embedded systems, 2008, pp. 81–90.

[251] A. Dorta, C. Rodriguez, and F. de Sande, “The OpenMP Source Code
Repository,” in Parallel, Distributed and Network-Based Processing, 2005.
PDP 2005. 13th Euromicro Conference on, Feb. 2005, pp. 244–250.

[252] J. Joven et al., “Application-to-Packets QoS Support - A Vertical Inte-
grated Approach for NoC-based MPSoC,” 2010.

[253] J. Joven, D. Castells-Rufas, and J. Carrabina, “An efficient MPI Mi-
crotask Communication Stack for NoC-based MPSoC Architectures,”
in Fourth Computer Architecture and Compilation for Embedded Systems,
2008.

[254] J. Joven, “A LightweightMPI-based ProgrammingModel and its HW
Support for NoC-based MPSoCs,” in IEEE/ACM Design, Automation
and Test in Europe (PhD Forum), 2009.

[255] M. Butts, “Synchronization through Communication in a Massively
Parallel Processor Array,” IEEE Micro, vol. 27, no. 5, pp. 32–40, Sept.
2007.

216 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs



[256] M. Butts, A. M. Jones, and P. Wasson, “A Structural Object Program-
ming Model, Architecture, Chip and Tools for Reconfigurable Com-
puting,” in Proc. 15th Annual IEEE Symposium on Field-Programmable
Custom Computing Machines FCCM 2007, Apr. 23–25, 2007, pp. 55–64.

[257] “Tilera Corporation,” Tilera, http://www.tilera.com.

[258] “80-Core Programmable Teraflops Research Processor Chip,” Intel,
http://techresearch.intel.com/articles/Tera-Scale/1449.htm.

[259] “Tera-scale Computing Research Program,” Intel,
http://techresearch.intel.com/articles/Tera-Scale/1421.htm.

[260] “Single-chip Cloud Computing,” Intel,
http://techresearch.intel.com/articles/Tera-Scale/1826.htm.

[261] L. Seiler, D. Carmean, E. Sprangle, T. Forsyth, P. Dubey, S. Junkins,
A. Lake, R. Cavin, R. Espasa, E. Grochowski, T. Juan, M. Abrash,
J. Sugerman, and P. Hanrahan, “Larrabee: A Many-Core x86 Archi-
tecture for Visual Computing,” IEEE Micro, vol. 29, no. 1, pp. 10–21,
Jan. 2009.

HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs 217

http://www.tilera.com
http://techresearch.intel.com/articles/Tera-Scale/1449.htm
http://techresearch.intel.com/articles/Tera-Scale/1421.htm
http://techresearch.intel.com/articles/Tera-Scale/1826.htm


218 HW-SW Components for Parallel Embedded Computing on NoC-based MPSoCs


	cover
	phdthesis
	Abstract
	Keywords
	Acknowledgments
	Contents
	List of Figures
	List of Tables
	Listings
	Introduction
	Background
	NoC-based MPSoC: Opportunities and Challenges
	Contributions of This Dissertation
	Dissertation Outline

	Experimental Framework for EDA/CAD of NoC-based Systems
	Networks-on-Chip: Preliminary Concepts
	NoC Paradigm - General Overview
	Topologies
	Routing Protocol and Deadlock Freedom
	Switching Communication Techniques
	Buffering and Virtual Channels
	Flow Control Protocols
	Micro-network Protocol Stack for NoCs

	Motivation and Key Challenges
	Related work on NoC Design and EDA Tools
	xENoC environment - NoCMaker
	Design Flow of NoCMaker
	NoC modeling
	Metrics Extraction according to Design Space Points
	Modeling Traffic Patterns and Benchmarks
	System and Circuit Validation

	Experiments using xENoC -- NoCMaker
	Synthesis of Nios II NoC-based MPSoC architectures

	Conclusion and Future Work

	Full-Featured AMBA AHB Network Interface OCP Compatible
	General Concepts of ×pipes NoC library
	Motivation and Challenges
	AMBA & OCP-IP Interconnection Fabric Overview
	AHB/AXI Architecture Overview
	OCP-IP Overview

	Related work
	Full-Featured AMBA 2.0 AHB NI for ×pipes NoC
	Packet Definition and Extension
	AMBA 2.0 AHB Transactions to NoC Flits

	Experimental results
	Functional Verification on a AMBA-OCP Start NoC
	Synthesis of AMBA 2.0 AHB NI vs. OCP NI

	Conclusion and Future Work

	Runtime QoS support Through HW and Middleware Routines
	Motivation and Challenges
	Related work
	NoC-level QoS Design
	Trigger QoS at Network Interfaces
	QoS Extensions at Switch Level

	Low-level QoS-support API and Middleware Routines
	QoS Verfication and Traffic Analysis
	Synthesis results
	QoS Overhead at Network Interface
	QoS Overhead at Switch Level

	Conclusion and Future Directions

	HW-SW FPU Accelerator Design on a Cortex-M1 Cluster-on-Chip
	Motivation and Challenges
	Related Work
	Cortex-M1 FPU Accelerator -- HW Design
	HW-SW CPU-FPU Communication Protocol
	FPU Hardware-Dependent Software Library Extensions
	Experimental results
	Cortex-M1 SP FPU Hardware Synthesis
	Performance Studies -- HW-FPU vs. SW emulation

	Conclusion and Future Work

	Parallel Programming Models on NoC-based MPSoCs
	A General Overview of Parallelism
	Traditional Parallel Programming Models
	Motivation and Key Challenges
	Related work
	Embedding MPI for NoC-based MPSoCs
	Message Passing Interface (MPI) - General Concepts
	MPI Adaptation Towards NoC-based MPSoCs
	Encapsulation, and on-chip MPI Packet Format
	A Lightweight on-chip MPI Microtask Stack
	Software Stack Configurations
	Message Passing Communication Protocols
	Improving ocMPI Through Tightly-Coupled NIs

	OpenMP Framework for NoC-based MPSoCs
	Evaluation of on-chip Message Passing Framework
	Profiling the Management ocMPI Functions
	Low-level Message Passing Benchmarks
	Design of Parallel Applications using ocMPI library

	Improve OpenMP Kernels using QoS at NoC-level
	Balancing and Boosting Threads
	Communication Dominated Loop
	Computation Dominated Loop
	Balance Single Thread Interference

	Conclusion and Open Issues

	Conclusions and Future Work
	Overview and General Conclusions
	Open Issues and Future Work

	Author's Relevant Publications
	Curriculum Vitae
	Glossary
	Bibliography


