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Abstract In this scope, rapid prototyping is necessary to

achieve the first challenge. However, for the secon

Rapid prototyping is a highly needed capability in one, high flexibility is highly needed.
today embedded systems design in order to validate Some prototyping approaches of embedded systems
requirements, succeed the design and fulfill time-t design, mainly guided by performance issues, tend t
market  constraints.  Efficient and  flexible rely on platforms whose hardware is very closeht t
hardware/software platforms are the ultimate suppor final product one: This way, the design processctou
to achieve this goal. In this scope Soft-Core FPGA focus on tuning and optimizing software with regeod
processor based Platforms constitute an interesting the almost fixed hardware system architecture.
approach thanks to customization capability offered ~ These approaches are not well adapted for
for both the hardware and software parts of theesys ~ €mbedded systems which may need to support new or

This paper describes a soft-core FPGA processor €Vvolving interfaces or connectivity while keepirgir
based platform targeted for embedded systemsmain functionality: For instance, an embedded data

prototyping. It shows how it is possible to achigeey ~ logger which needs to support a new wireless
short development cycle times with such platform. | communication interface.

details the key characteristics that are most ratev Platforms based on soft-core FPGA processor offer
with regard to fast and flexible prototyping appm an alternative which combines the benefits of a

mastered prototyping environment and a flexible

Keywords: embedded system; soft-core; FPGA; Support allowing easy extension of hardware feature
flexibility; rapid prototyping. without heavy penalty on software adaptations.

The next chapter identifies relevant issues about
rapid prototyping of embedded systems.

Chapter IIl describes a flexible platform developed
by CETIC and dedicated for rapid prototyping of
embedded systems. It also enumerates the key tsenefi
of this soft-core FPGA processor platform withire th
scope of rapid and flexible prototyping.

Chapter IV presents a relevant use case of such
platform for rapid prototyping of an In-Vehicle
gelematics system (IVTS).

The last Chapter discusses the advantages and
limitations of the platform and identifies the most
Isuited application frameworks for it.

1. Introduction

With the advances of today technology, embedded
systems design is getting more and more complex:
Systems are implementing a continuously increasing
number of advanced functionalities and integrating
more and more interfaces at both hardware and
software levels.

Hence embedded systems design has to master thi
complexity while being able to efficiently addresse-
to-market constraints. Also it should be able t@kjy
adapt to changing needs and new or additional
demands.



2. Rapid prototyping of embedded systems Evolutionary prototyping requires, till the start
point, a good and accurate evaluation of the piatent
Several definitions could be given fprototyping  €volution scope of the system. Usually this isiclift
[1] [2] depending on the application domain. A bty to identify at first stages but decision has tontede.
global and general one could be: The construction o Often, this approach leads to either an over
an intermediate system to demonstrate, evaluate angomplicated prototype with lot of unnecessary
validate some aspects of the intended system hwmhavi €volution capabilities or a too limited prototypeable
in order to gain user acceptance or to estabﬁshto handle, without lot of difﬁCU'ties, additionadr

technical feasibility. evolving features.

Rapid prototypingmay be defined as a set of In both cases this leads to inadequate prototyge wi
techniques aimed to accelerate the prototypingge®c fegard to the first intent.
in the objective of shortening the design cycleaof In [7] an Integrated Design Environment (IDE)

system while maintaining efficiency. Main advantage approach is presented for the rapid prototypingnef
taken from rapid prototyping are risk managemert an Vehicle telematics systems (IVTS). It is aimedaokie
early end-user involvement. difficulties related to system complexity and reses
For embedded systems, rapid prototyping issuesmanagement. Rapid prototyping is seen here as a
apply to both hardware and software parts [3]. The technique for validating system requirements and
integration aspect is also highly important andustho ~ improving specification. The approach considers the
be addressed carefully. “throw-away” prototype as a basis for the phases of
Techniques used in embedded systems rapidSystem design and implementation. Off-the-shelf
prototyping give high importance to efficient Ccomponents based design is presented as an inherent
methodologies elaboration. In [4] a concurrent glesi characteristic of IVTS and is adopted in order tstar
methodology is presented and applied to the rapidthe prototyping process duration.
prototyping of wearable computers. It allowed  Prototyping of IVTS specifically and other
achieving fast design cycles thanks to an optimized €mbedded systems in general usually requires system
management of time and resources. This resultsimlso Pe extensible and flexible by offering facilities add,
a higher level of concurrency in the design process remove or upgrade components preferably in a “plug
In [5] a comparison is elaborated between customand play”-like way.

and off-the-shelf design methodologies on basisixof We believe that succeeded prototyping process of
key characterizing attributes for embedded systems:many embedded systems would rely on both:

features overhead, cost, person effort, power - Tools to master complexity and accelerate
consumption, storage requirements and software design cycle mainly for the software part (like

portability. in [7])

Besides the design methodology, the approach - Avalilability of a flexible platform that offers
adopted in rapid prototyping for embedded systems powerful  customization capabilities while
may differ. One approach consists of developinggdt d remaining well tailored to the target
implementation dedicated to the early specification application.

phases in order to learn more about the requiresnent

The prototype is then “thrown-away” and the 3. Soft-core FPGA processor based
production final system is developed on basis of platform

experiences from the prototyping effort. The other

approach targets the development of a high quality3 1 pjatform hardware

prototype that evolves over time.

Both approaches present some problems [6]. Theqyr rapid prototyping platform, named SAND, is a
most common one with “throw-away” prototyping iS  myti hoard system consisting of a main board e t
managerial. In many projects, the development of agystem kernel and stackable extension boards for
throw-away prototype, primarily intended for .erinheral and external connectivity supp@iture 1

experimentation  purposes, evolves under timing jysrates the stackable structure of the SAND
constraints pressure, to a risky and difficult &ine to platform.

deliver it as a production system. This prototype = pain board is based on a low cost FPGA device

misuse inevitably leads to poorly structured design (ajtera Cyclone I family). It integrates SDRAM and

hard to validate, maintain or evolve. flash memories, watchdog and power supply stage. Th
board size is compact (8x4 cm) and presents at its



borders the I/O connections for extension boardsle
1 summarizes the main characteristics of the main
board.
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Figure 1. SAND Stackable Boards Structure

Main board

Extension boards are customizable depending on th
application connectivity needs.
Two boards were developed:
A connectivity board with integrated wireless
(WiFi, Bluetooth and GPS) and wireline
(Serial, USB and OneWire) connectivity.
An automotive dedicated board supporting
connection to two standardized open
automotive interfaces:Fleet Management
System (FMSpuilt on top of CAN bus and
implemented in trucks and buses, a@uh
Board Diagnostic (OBD)mainly implemented

in cars. This board integrates also some extra |

features such as accelerometer
Analog/Digital I/Os. The use of this board
with regard to the whole platform is detailed
in chapter IV.

Table 1. Main board characteristics

featur family range/siz
FPGA Cyclone C6/C12  6k/i12k LE
Flash men NOR 32 Mbyte:
Config Mem EPCS 8MBits
RAM SDRAM 16MBytes
Input:
Power stage 4-35V/2A
I/Os GPIC 64
Soft-Core Niosll
PCE 4 layer: 4 x8 cn

3.2. Soft-core FPGA processor

A soft-core processor is a customizable software
description of processor hardware which could be
synthesized and implemented on programmable logic
ICs like FPGAs. For instance: the Nios Il by Altettae
MicroBlaze by Xilinx, or other cores under LGPL
licence (Leon Il, OpenRisc, etc.).

and

Soft-core processors ensure a high flexibility and
reconfigurability since they are implemented as
customizable blocks inside the FPGA. For instaiice,
is easy to add a serial port or a USB MAC layethim
FPGA without changing anything to the board, buyon
changing the configuration of the FPGA.

The configuration of the FPGA (including the soft-
core processor) is kept in a special flash memsgdu
at boot time. This means that the processor carifynod
its own configuration in flash memory so that a new
processor can be started at next startup. Another

eadvantage of this technology is the possibility to

Instantiate several processors within the same FPGA
Current boards accept up to six processors being
created inside the FPGA.

3.3. Platform rapid prototyping key features
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Figure 2. Platform HW/SW architecture

The platform architecture, illustrated figure 2, is
based on a comprehensive separation between cdre an
communication functionalities on the hardware side,
and between hardware dependant and hardware
independent parts on the software side. This egable
interesting features like:

Flexibility: As stated above, flexibility is a key feature
for succeeded rapid prototyping of many embedded
systems.

As discussed in chapter II, prototype flexibilitgvel
should be carefully conceived. It should not be
uselessly higher than needed or uncomfortablydao |
Flexibility is aimed to allow quick and easy design
adaptations.



The SAND platform flexibility is manifested through
the following points:

Inherent flexibility of the soft-core processor
which allows easy and fast support of new
interfaces at both the software and hardware
levels.

Inherent flexibility of FPGA technology
allowing fast integration of hardware blocks
(standard or custom IPs).

Availability of several configurable I/Os from
FPGA to the extension boards.

Easiness of building software application even
when platform hardware changes (i.e. new
processor configuration or new peripheral

The hardware configuration of the FPGA
(including the soft-core description, standard
and custom IP blocks, and I/O configuration)
is easily upgradable by programming the new
configuration files into the board.

The software program for the processor is, in
the same way, easily upgradable.

Some main components (FPGA, flash
memory, SDRAM) could be replaced directly

with other components having the same
footprint. This allows for fast assembly of

customized main board avoiding by the way
the design of a new PCB. For example, to
support a USB MAC IP, we need a bigger

added) thanks to the modular software
architecture.

FPGA (a C12 chip rather than C6). Boards
can be assembled seamlessly with either chips.
The same substitution could apply to SDRAM
and flash memories, in order to tailor the
prototype to the application requirements.

Extensibility: The SAND platform was designed on
the principle of stackable boards. This allows
customizing the prototype to the target applicatign
adjunction, to the main board, of one or more bspard 4. |n-Vehicle Tdematics System rapid
tailored to the features and connectivity requinetmie prototyping

of the final system.

Hence, this modular architecture of the platform
enables focusing on design of specific features and
avoiding reinventing the wheel for general features
This obviously enhances the rapid prototyping pssece
Furthermore, potential bad design choices would onl
impact a limited part of the system and are letd fa

the overall design process.

On the software side, the platform structure alldovs
comprehensive support of new hardware at the
hardware dependant software level. At the appbaeati
level, writing communication and configuration
routines is eased thanks to the API availability.

4.1. Context description

A company specialized in the coaching of truck
drivers, has decided to use telematics in ordgatber
the required objective data from drivers and vehicl
directly acquired while driving. Concretely, the
company was searching for a system able to collect
information on the CAN bus of the vehicle (speed,
position of the accelerator pedal, braking, etal a
give an advanced report on the driver's driving
behavior. This system would be used for training an
also for monitoring (before, while and after the
training) so that the results are clearly demotestra
These results have to be transferred to the fisat u
(the trainer for example) and be displayed
comprehensibly on a computer, preferably diredtigra
the training [8]. Data acquisition and all compigas
are made in real time and stored locally in anrogki
way. Data can be accessed in real time inside the
vehicle through wireless connection. Data acqoisiti
can either be automatically triggered on a spetiifr
or turned on all the time.

Since the acquisition of such data needs connection
to the CAN bus, an embedded and communicating
smart system becomes mandatory.

Reusability: The main board which constitutes the
system kernel is a general purpose board that dwaild
reused, as it is, for large number of prototypdssTs
due to the fact that the board includes a commbn su
structure for large number of systems that is the
processing element(s) and the memory.

The “soft” customization capability of this board a
processor and FPGA levels improves its reusability.

Upgradability: This is the ability:
a. To replace (a software program) with a more
recently released, enhanced version.
b. To replace (a hardware device) with one that
provides better performance and/or additional fegtu

In the SAND platform this is enabled at different
levels:

4.2, System analysis

From hardware viewpoint, the system needs to be
flexible: The primary objective was to achieve pida



prototype for data acquisition on the CAN bus tigtou  was developed almost concurrently, with the hardwa
the FMS gateway. However, the system have to bedependant software thanks to the early definitiba o
enough adaptable to support easy integration of newflexible data structure serving as data sharing
but not yet well specified, features like GPS mechanism between the two software parts.

integration, wireless data transmission interfad&éH This first prototyping phase was achieved very
or Bluetooth), Temperature sensing, driver quickly (few days) and served as a basis for camur
identification mechanism, etc. end-user feedback.

From embedded software viewpoint, we distinguish  New requirements emerged then. They mainly
two parts: consist of:

- Hardware Independent Software: This - Need to integrate an internal FMS chip to the
comprises the computations done on raw data: platform in order to reduce size.
Statistics, histograms, etc. - Implementing a broadcasting mechanism
- Hardware Dependant Software:  This through wireless connection in order to allow
comprises all the low level protocol some real time parameters monitoring.
encapsulations and peripheral drivers. - Implementing a control mechanism over
The two parts should be enough flexible to alloat fa wireless link: pinging the embedded system,
and easy support of new hardware interfaces and asking for status, downloading stored data,
implementation of additional statistics. changing mode, etc.

In this scope, the soft-core FPGA processor based - Implementing a GPS geofencing mode: i.e.
platform brings flexibility at several levels: Tls®ft- System should be able to start automatically
core processor is easily adaptable to integrath-ibui computing statistics based on preconfigured
peripherals (Serial interfaces, memory interfaces, GPS positions settings.
custom 1/Os, etc.) to connect either to hardwaoekd A second prototype was developed in the following

inside FPGA or directly to components outside. way:

Besides, FPGA technology allows implementation of Thanks to platform modularity, a new custom extemsi
wide variety of custom or standard hardware interfa  board was being designed while work on wireless
and logic (USB MAC, Ethernet MAC, OneWire Logic, features implementation was being pursued on tke fi

etc). prototype. This separation of concerns allowed a
precious time gain with no negative impact on desig
4.3. Prototyping process quality.

Implementation of wireless new features consisted

The adopted prototyping process was inspired from of:
agile software development methods [9] [10]. These

Implementing a two serial channel links over

are mainly customer-centric approaches targetimg ve wireless connection: One for control purpose
short development cycles and early and frequent and the other for real-time monitoring.
delivery with particular focus on ability to harses - Adaptation of the soft-core processor by
changing requirements. adding the needed serial interfaces.
The start points were: - Design of encapsulation protocol and
- For hardware part: The already available associated routines for the execution of the
general purpose main board with the different commands.
connectivity board. - Design of a Graphical User Interface on a PC
- For software part: A well structured template (or Laptop) allowing wireless communication
project with a clear identification of hardware with the platform, mainly for sending
dependent and hardware independent pieces commands and displaying the real-time data.
of software. The GPS geofencing mode support was rapidly

An external off-the-shelf interfacing module to the implemented thanks to availability of hardware and

FMS system was rapidly integrated to the connagtivi Software driver.

board over its serial link. The custom board was developed conforming to the
Hardware dependant software, consisting mainly of form factor of the other boards. Since there wasigh

FMS module protocol implementation, was quickly space left on it, we decided to add support for OBD
developed. too, despite that there weren't an immediate need o

Hardware independent software, consisting of the andemand for it. The motivation was that OBD dataldou
implementation of a first draft of features speifion be exploited in a similar way to FMS one. Furthereno



some less important features, but relevant for
automotive domain, were added for investigation 5, Discussion
purposes like accelerometer and analog/digital.l/Os
This approach allowed the rapid setup of the second  Rapid prototyping using our soft-core FPGA
prototype which was put to tests. processor based platform, proves to be a promising
The availability of OBD on the automotive board approach. It could bring significant improvements

induced a light overhead (hardware and software thanks to its inherent offered capabilities of ftslity,
interface implementations) however it allowed us to extensibility reusability and upgradability.

gain lot of time to carry extensive tests on thedhare However, taking full advantage of these capabilitie
independent software part of the application: We requires a careful approach:

weren’t constrained by the availability of an FMS - Attention must be taken to design modularity
equipped truck to do it since we were able to till the start.

experiment directly on OBD equipped cars (more . A reuse thought and mindset must be
easily available). omnipresent at all design steps.

The prototype examples are now instglled and Based on our experience, achieving rapid
running on several trucks. They proved to fit wadl  prototyping objective relying upon soft-core FPGA

final systems despite that this was not the finsént  processor based platform implies some conditions or
when we started the development. The installed prerequisites such as:

prototype examples were assembled with integratfon - Clear separation between platform processing
only-needed components. For instance, Bluetooth and kernel and connectivity extension.
OoBD ChIpS weren’'t assembled on them in order to - Rigorous Structuring in software deve|opment
master the overall cost. mainly through clear separation between
Table 2. Short development cycles hardware ~ dependent  and  hardware
independent parts.
Deaéke Customer request V&’C’fk Fg‘;t_mygdﬁ - Availability of a comprehensive development
(weeks)| (days) | deliver environment and tools (preferably integrated
0 First customer N/A 0 L
contact within an IDE) that allows a fast and easy
2 Field tests for 2 0 support of new processor hardware and
feasibility issues software features integration.
12 | First prototype 10 1 With the soft-core FPGA processor based platform,
16 Prototype install 1 1

we are in an evolutionary prototype approach rather

;(7) ;ee‘j\tufg;fu?ggte 11 11 than a “throw-away” prototype one. However, thattks
25 New features 10 1 inherent flexibility of the platform the side-eftscof
28 New features & 5 4 evolutionary prototyping are better mastered.
prototype install On another hand, the prototyping here is a balanced
31 | Prototype install & 3 5 mix between a custom design and off-the-shelf
5 e components based ore. o
54 | Update software & 2 7 If we analyze the approach presented in this articl
prototype install with regard to the six attributes mentioned in ¢bafl
60 prototype install 2 10 (overhead, cost, person effort, power consumption,

storage requirements and software portability) vey m
Table 2 summarizes the history of the project and conclude the following:

shows the fast development cycles we achieved with - Overhead and cost could stay mastered giving
our ‘agile like’ approach in our rapid prototyping a structured design methodology.

process based on the SAND platform. As we can see, - Power consumption is a strong constraint in
the platform flexibility allowed very fast response some embedded systems. In that case, the
new requirements or features implementation demands approach is poorly adapted.

(generally one to three days, and less than tes fiay - Storage requirements depend on the project
more complex demands). Note That the field testeedo type but generally embedded systems design is
on week 2 were essential for our customer to camvin aware of limited resources. Hence, in most
some of his potential clients to opt for an embedde cases our approach remains well adapted.
solution. He then came back with the first coreret - Software portability is enhanced by this

demand for a prototype at week 12. approach giving a well structured software



design with clear separation between hardware [6] Jeffrey M. Thompson , Mats P. E. Heimdah! ,véte P.
dependent and hardware independent parts. InMiller, “Specification-based prototyping for embext
our application example, code supports both a systems”, Proceedings of the 7th European software
native execution on the soft-core processor engineering conference held jointly with the 7th MAC

. . . SIGSOFT international symposium on Foundations of
f”md Os-based execution (”C“m.JX)' Selection software engineeringp.163-179, September 1999.
is easily done through a define tag and

adequate compilation scripts. Source code [7] D, Reilly, A. Taleb Bendiab, “A Rapid Prototyy
fles were sorted in three categories: OS Approach For Design Of Extensible In-Vehicle Teléios
specific, native execution specific and Systems”Journal of Integrated Design & Process Science
common. Volume 6, Issue 2 (April 2002), p.91-106, 2002.
Finally we can conclude that soft-core FPGA .
processor based platform prove to fit well as an I[:?(]el '\g- lDe:ghg)ef}a% I‘-‘lsLjn?qzl:t)(’aclj_ép(t;;belgrféth rEI)<- dljv%?r
. . vaulx, B. , W
approach for_rqpld prototyping for .several embed(_;Ied fleet management and driver coachir@gfoceeding of the 7th
systems providing a structured design process. iShis ITS and Telecommunication conference, [Ty
particularly true for designs requiring flexibilitgnd
extensibility capabilities. [9] Abrahamsson, P., Warsta, J., Siponen, M.T., &
Ronkainen, J. “New Directions on Agile Methods: A
Comparative AnalysisCSE 2003.

The SAND is a result of a research projgct [10] Pikkarainen, M. & Salo, O. “A Practical Appraafor
(RETICOM), conducted by CHT, supported b; Deploying Agile Methods™The 7th International Conference
the European Union (ERDF) and the Wallopn  on extreme Programming and Agile Processes in Siodtw
Region (DGTRE) under the terms defined |in Engineering 2006.
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