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Abstract

This paper presents a new approach to the design of
embedded systems. Due to restrictions that state-of-the-
art methodologies contain for hardware/software parti-
tioning, we have developed an emulation based method
using the facilities of reconfigurable hardware compo-
nents, like Field Programmable Gate Arrays (FPGA).
Our own emulation environment called the SPYDER tool
set was used; it is best suited for the emulation of hard-
ware designs for embedded systems.

1 I ntroduction

Most of today's existing technical applications are
controlled by so-called embedded systemst. Many differ-
ent application areas which demands their own specific
embedded system architecture exist. Therefore, a com-
mon definition of embedded systems cannot find wide ac-
ceptance.[1]

In this domain, an embedded system architecture con-
sistsof an application-specific hardware part, which inter-
acts with the environment. At the same time, an
application specific software part runs on a microcontrol-
ler. Inthelast few years, rapid progressin microelectronic
technology has reduced component costs, while simulta-
neously increasing the complexity of microcontrollers
and application specific hardware.

Nevertheless, devel opers of embedded systems haveto
design low cost, high performance systems and reduce the
time-to-market to aminimum. The most important taste a
specification must complete is the partitioning of the sys-
tem into 2 parts.The first part is the software which runs
on amicrocontroller. Powerful on-chip features, like data
and instruction caches, programmable bus interfaces and
higher clock frequencies, speed up performance signifi-
cantly and simplify system design. These hardware funda-

1Thiswork was supported in part with funds from the Deutsche For-
schungsgemeinschaft under reference number 3221040 within the pri-
ority program “Design and Design Methodology of Embedded
Systems”.

mental s allow Real -time Operating Systems (RTOS) to be
implemented, which leads to the rapid increase of total
system performance and functional complexity. Never-
theless, if fast reaction times must be guaranteed, the soft-
ware overhead due to task switching becomes a limiting
performance factor and application-specific hardware
must be implemented. This can be done by developing
ASICs. Due to the decreasing life cycles of many high-
end electronic products, there is a gap between the enor-
mous devel opment costs and limited reuse of an ASIC. In
the last few years, so-called |P-Core components became
more and more popular. They offer the possibility of reus-
ing hardware components in the same way as software li-
braries. In order to create such IP-Core components, the
system designer uses Field Programmable Gate Arraysin-
stead of ASICs. The designer still must partition the sys-
tem design into a hardware specific part and a
microcontroller based part.

2 State of the Art

Basically two major design methodol ogies for embed-
ded systems exist.

2.1 HardwareFirst Approach

The most commonly applied methodology in industry
is based on asequential design flow. This design-oriented
approach is shown Figure 1:
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Figure 1: Design-Oriented Sequential Design
Flow




Thefirst step (milestone 1) of this approach is the speci-
fication of the embedded system, regarding functionality,
power consumption, costs, etc. After completing this speci-
fication, a step called , partitioning* follows. The design
will be separated into two parts:

e A hardware part, that deals with the functionality
implemented in hardware add-on components like
ASICsor IP cores.

* A software part, that deals with code running on a
microcontroller, running alone or together with an real-
time-operating system (RTOS)

The second step is mostly based on the experience and
intuition of the system designer. After completing this step,
the complete hardware architecture will be designed and
implemented (milestones 3 and 4). After the target hard-
ware is available, the software partitioning can be imple-
mented.

The last step of this sequential methodology is the test-
ing of the complete system, that means the eval uation of the
behavior of all the hardware and software components.

Unfortunately devel opers can only verify the correctness
of their hardware/software partitioning in this late devel op-
ment phase. If there are any uncorrectable errors, the design
flow must restart from the beginning, which can result in
enormous costs. For thisreason, devel opers often use,, well-
known“ components rather then new available circuits.
They want to reduce the risk of design faults and to reuse
existing know-how. Thisis especially important for the de-
sign of systems consisting of few, but highly complex com-
ponents.

Another disadvantage of this approach is that it is not
possible to start software development before the design
and test of the hardware architecture has finished. Software
developers have to wait until a bug-free hardware architec-
ture is available. This time (and cost) intensive delay is
graphically displayed in Figure 1 between milestone two
and four.

Once again, the disadvantages of this methodology are:
complete redesign in case of design faults, reduced degrees
of freedom in selection of components (due to reuse of
knowledge and experiences) and time delays. Nonetheless,
the hardware-first approach is still a valueable approach to
system design with low or medium complexity, because the
initial step of partitioning is less time-consuming than in
other approaches. For high-end embedded systems new
methods are needed to recognize errors during an early
phase of the design process.

2.2 Hardware/ Software Co-Design

Thefirst step in this approach focuses on aformal spec-
ification of asystem design as shown in Figure 2. This spec-
ification does not focus on concrete hardware or software

architectures, like special microcontrollers or IP-cores. Us-
ing severd of the methods from mathematics and computer
sciences, like petri-nets, data flow graphs, state machines
and parallel programming languages; this methodology
tries to build a complete description of the system’s behav-
ior. Theresult isadecomposition of the system’ sfunctional
behavior, it takesthe form of aset of componentswhich im-
plements parts of the global functionality. Due to the use of
forma description methods, it is possible to find different
alternatives to the implementation of these components.
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Figure 2: Hardware/ Software Co-Design

The next step is a process called hardware/software par-
titioning. The functional components found in step one can
be implemented either in hardware or in software. The goal
of the partitioning process is an evaluation of these hard-
ware/software alternatives. Depending on the properties of
the functional parts, like time complexity of algorithms, the
partitioning process tries to find the best of these aterna
tives. This evaluation process is based on different condi-
tions, such as metric functions like complexity or the costs
of implementation.

After a set of best alternatives is found, the next step is
the implementation of the components. In Figure 2, these
implementations are shown as hardware sythesis, software
synthesis and interface synthesis. Hardware components
can be implemented in languages like VHDL, software is
coded using programming languages like Java, C or C++.

The last step is system integration. System integration
puts all hardware and software components together and
evaluates if this composition complies with the system
specification, done in step one. If not, the hardware/soft-
ware partitioning process starts again.

An essentia goal of today’s research is to find and opti-
mize algorithms for the evaluation of a partitioning. Using
these algorithms, it is theoretically possible to implement
hardware /software co-design as an automated process.



Due to the algorithm-based concept of hardware/soft-
ware co-design there are many advantages to this approach.
The system design can be verified and modified at an early
stage in the design flow process. Nevertheless, there are
some basic restrictions which apply to the use of this meth-
odol ogy:

* Insufficient knowledge: Asdescribed in this section,
hardware/software codesign is based on the formal
description of the system and a decomposition of its
functionality. In order to commit to real applications,
the system developer has to use available components,
like IP-cores. Using this approach, it is necessary to
describe the behavior and the attributes of these compo-
nents completely. Due to the blackbox nature of 1P-
cores, thisis not possiblein all cases.

» Degreesof freedom: Another of the building blocks of
hardware/software codesign is the unrestricted substitu-
tion of hardware components by software components
and vice versa. For real applications, there areonly a
few degrees of freedom in regards to the microcontrol-
ler, but for ASIC or IP-core components, thereis a
much greater degree of freedom.Thisis due to the fact
that there are many more |P-cores than microcontrol-
lers which can be used for dedicated applications, avail-
able.

Due to the limitations that have been mentioned, the
hardware-software co-design approach is not suitable for
somedesign projects, like very complex systems used in au-
tomotive, aeroplane or space technologies.

2.3 Conclusion about these state of theart
approaches

Both methods have their disadvantages. The hardware
first approach does not allow verification of the system de-
sign at an early stage in the design flow process, the hard-
ware/software co-design methodology is limited by
insufficient knowledge about the internal behavior of hard-
ware- or software IP-Cores and the restricted degrees of
freedom in the choice of microcontroller components.

Both methodologies are unsuitable for developing em-
bedded systems consisting of only a few, but nonetheless
highly complex components.

Dueto these analyses, we have devel oped another meth-
odology which combines the advantages of the hardware-
first-approach and the hardware/software co-design ap-
proach.

3 Emulation Based Methodology

Analyzing the hardware-first approach we have docu-
mented major advantage to this method. Developers using
this design method focus on devel oping a prototype as soon

as possible. This strategy complies with the major time-to-
market constraints of today’s high tech industry. To reduce
therisk of design faultsand cost intensive redesigns, system
designers often usewell known componentsinstead of new-
ly available technologies.

Our design methodology tries to benefit from the advan-
tages of rapid system design, without the disadvantages of
the restrictions described in the previous section. The meth-
odology can be described as a two-stage process:
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Figure 3: Emulation Based M ethodology

» Stage One - System design by evaluation: The basic
goal of this stage is the evaluation of components that
can be used in the system design. In contrast to the clas-
sical hardware-first approach, this procedure is not
restricted to known or already used hardware or soft-
ware components. All potentially available components
will be analyzed using criteria like functionality, tech-
nological complexity, or testability. The source of the
criteriaused can be data sheets, manuals, etc. Theresult
of this stage is a set of components for potential use,
together with aranking of them.

» Stage Two: Validation by Emulation: Although stage
oneis based on functional and non-functional criteria,
the knowledge and experience of the system designer
still exerts alarge influence on decisions. In order to
avoid fatal design errors, stage two validates the deci-



sions made in stage one. The basic methodology for
this validation is system emulation. In contrast to other
approaches like computer simulation, emulation can
check ,, serious’ problems, like real time behavior. It is
highly essential to verify the criteria used in stage one,
for example, the correctness of data sheet specifica-
tions.

Figure 3 gives an more detail ed overview of our method-
ology. After the specification of the system design, the de-
veloper makes an initial hardware/software partitioning.
The outcomeisaset of hardware and software |P-Cores, the
potential candidates that can be used to construct the sys-
tem. The candidates can be selected from alibrary or anoth-
er data base of information. After these introductory steps,
the first stage of our methodology follows. The evauation
and selection process focuses on a set of criteria, like test-
ability. The output isaset of componentswhich satisfy such
special criteriain the best possible manner. Refer to [6] for
a detailed description of this process.

After establishing the criteria, the already described
~validation stage follows. Only if acomponent passes this
~test phase®, it will be used in the final system design.

3.1 Stage One: Decision-making Criteria and
Ranking

The previous chapter gave a short overview of the prin-
ciples of our approach. The evaluation stage which was de-
scribed isbased on aprocessthat putstogether aranking for
components by focussing on specia criteria. This chapter
will explain how to define these criterias and which ranking
will be used for selecting or throwing out components.

The most important component of an embedded system
is the microcontroller. That is why there are only a few
types of controllers available, but the choice of the micro-
controller determines basicslike the system bus, power sup-
ply voltages, etc. The first stage of our emulation-based
design approach is aware of such choices, as Figure 4
shows.

The features of the microcontroller, especially perfor-
mance determine what will be implemented as software. A
system which is equipped with a high performance micro-
processor can implement time-consuming functions, like
MPEG-decoding software. If the microcontroller fails to
completethistask, additional hardware must be added. Due
to the high costs of ASIC design, the only possibility is to

select the right components from a pool of available chips
or IP-Cores.
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Figure 4. Decision Criteria

The next set of criteriafor the selection of suitable com-
ponentsisthe businterface of the microcontroller. This cri-
teria is more important than the other criteria shown in
Figure 4, such as the initialization of a component. That is
why the connection of a component to the microcontroller
isessential for estimating thefinal costs and performance of
an embedded system:

The best case is complete compatibility of the busses of
the microcontroller and the component which are connected
each other. Another possibility is that both bus interfaces
are completely incompatible. To connect this type of hard-
ware component to the microcontroller, highly complex
bridges are necessary. The apparent disadvantages would
be increased costs and significant communication delays
between the microcontroller an the newly added compo-
nent. In regards to the contents of this chapter, it is possible
to construct a ranking system to choose the most suitable
component using the criteria bus-interface. The evaluation
of the other criteria, like initiaization, testability, the com-
plexity of adding a component to a printed circuit board,
etc., follows aanalogical way. For detailed information re-
fer to [6].

3.2 Stage Two: Validation by Emulation

For the emulation of hardware and software compo-
nents, we have developed the SPYDER System. The basic
idea of the SPYDER-System is to get a detailed view of the
internal system behavior of complex embedded systems ba-
sed on rea-time emulation. In the past, these tools were
used in different research projects published in [3][4][5].
The SPYDER System currently consists of two components:

» The SPYDER-VIRTEX-X2 Board for emulating applica-
tion- specific hardware or testing IP-cores.This board



coversthe validation of the hardware partitioning of an
embedded system design, (see Figure 3).

e The SPYDER-CORE-P2 Board is designed for emulating
software componentsin areal-time environment. We
have developed a Board Support Package for the

VxWorks! RTOS. Dueto the availability of this BSP, a
variety of state of the art software IP-cores can be
tested and benchmarked.

By referring back to figure 3, you can see that the hard-
ware and the software partitioning be emul ated and verified
at the sametime. Thisavoidstime and cost-intensive delays
between the phases of hardware design and softwareimple-
mentation in classical methodologies, like the hardware-
first approach.

The next generation of boards that is currently being de-
veloped will combine these two platforms with additional
internet based configuration features. This new platform
will offer devel opersthe chance to work together in aworld
wide distributed environment. Refer to section 4 for de-
tailed information.

3.3 Emulation Platform SPYDER-VIRTEX-X2
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Figure5: Architecture of SPYDER-VIRTEX-X2

The basic component of the board is a Virtex? FPGA
with the package type BG432. Therefore, FPGA chipswith
arange of XCV300 up to XCV800 can beimplemented. The
architecture of SPYDER-VIRTEX-X2 isdepicted in Figure 5.

The Virtex FPGA isclosely coupled viaadedicated PCI-
Interface-chip (PLX9080) to aPC. Thisfeature enables both
simple downloading bit images onto the Virtex chip and
communication between the PC and the application operat-
ing on the Virtex FPGA viathe PCI-bus, which provides a

lvxWorks is atrademark of WindRiver systems
2Virtex is atrademark of Xilinx Inc.

high performance bandwidth. The communication makes it
possible to evaluate a running application, e.g., a dedicated
IP-Core, before its integration into an embedded system.
Using the PC with its entire periphery, (e.g. , display, hard
disk, keyboard) instead of a specialized micro controller
makes the eval uation process much easier.

Two powerful extension headers makeit possibleto con-
nect the Virtex FPGA with further application specific hard-
ware units, e.g., amicro controller and its core environment,
as well as to assemble a complete embedded system archi-
tecture for emulation purposes. These ports are compatible
with the other tool s of the SPy DER-System mentioned above
via backplane, which provides different micro-controller
types. A further significant feature is the ability to connect
all on-board signals via up to nine high density connectors
to a logic analyzer. These connectors provide a powerful
support during the debugging process. A power supply unit
provides the Virtex FPGA with the necessary voltages:
Veore = 2.5V with a current of up to 10 A and Vg with a
current of up to 4 A. Two current measurement instruments
can be connected inside the different current path systems
for I core @nd |, to measure the power consumption. An ar-
biter controls the local side of the PCI-bus between
PLX9080 and three different download modes, which can
be summarized as follows:

» download via PCl-bus, set Virtex in slave mode
» download viaexternal master, e.g. amicro controller-
unit, set Virtex in slave mode
» download viaserid EEPROMS, set Virtex in master
mode, used for stand-alone mode
Additionally, two on board 128kx32 SSRAM-devices
enable the emulation of applications, which need alarge ex-
tension memory for, such things as graphic or large filter
applications. For moreinformation, refer to the correspond-
ing user manual and data sheet in [2].

3.4 Emulation Platform SpYDER-CORE-P2
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The new high performance SpyDER-CORE-P2 board has
been created for rapid, cost-effective development of soft-
ware and hardware of the embedded system, mainly in the
spheres of industrial automation, communication and auto-
motive industries. The board is designed to run, test and
evaluate application-specific software components, as well
as software devel oped by the systems designer company it-
self or third party |P-cores. Referring to our design method-
ology shown in Figure 3, SPYDER-CORE-P2 covers the
software portion of the design flow process.

Figure 6 shows the basic system architecture of the
board. The core part is based on anovel 32-bit Hitachi-SH3
RISC micro controller with an optional on-chip Digital Sig-
nal Processing (DSP) module. Together with 1 MB of
EPROM bootspace, 4 MB SDRAM and 1 MB of flash
memory, the system offersall featuresto run state-of-the-art
software components. Due to the availability of aVxWorks
board support package, a wide range of RTOS based soft-
ware can be tested.

SpPYDER-CORE-P2 offersthe most important interfacesto
communicate with the surrounding environment. A stan-
dard seria interface, a CAN compliant controller and an
ethernet 10Base? / 10BaseT interface are available. This
ethernet feature allows the integration of the board in afast
ethernet-based development environment, for example the
Tornado Toolkit.!

Two VG96 extension headers can be used to integrate
additional hardware components. This feature allows the
addition of application specific hardware, like additional
memory, graphic controllers or other 1/O facilities. All bus
signals can be put through logic analyzer measurement by
connectors of mictor type.

Together with SPYDER-VIRTEX or separately, SPYDER-
CoRE-P2 can be efficiently used in increasingly wider ap-
plication areas. The board has been carefully optimized for
high performance and low power consumption. It contains
universal communication facilities which enable its usage
in great variety of operational and development configura-
tions. Supporting innovative design approaches and tools,
SPYDER-CORE-P2 allows development, modification and
the testing of new designs in shorter time frames, achieving
high-quality characteristics.

4 Distributed Developing Environment:
SPYDER-VIRTEX-X3

The next generation of boards called SPYDER-VIRTEX-
X3 is currently under development. This system enhances
the features of the SPYDER series. The most important new
feature of the architecture isits scalability and the possibil-

Tornado is atrademark of WindRiver Systems

ity to integrate the emulation system in aworld-wide, inter-
net-based, distributed environment.

4.1  Scaleability

In order to emulate an embedded system design, it is nec-
essary to test several components and their communication
with each other at the sametime. Although the SPYDER Sys-
tem is highly qudified for validating hardware or IP-core
components, thereisalimitation given by the complexity of
the FPGA chip used. In principle there are three waysto re-
move this barrier:

» Use FPGAswith a higher gate density: This solution
can be used for specia designs needing a fixed number
of gates for emulation. Due to increasing cost and tech-
nologica and testing problems for ballgrid chips with
hundreds of pins, this approach is not suitable as emula
tion environment, which could be put into common use.

» Increasethe,virtual' gate capacity of the FPGA by
using an approach called , run-time-reconfiguration“
(RTC). Run-time reconfiguration is a methodol ogy
focusing to atemporal partitioning of a hardware
design. The result of this processis a set of time-exclu-
sive functional components. Only one of these compo-
nentswill be active at thetimet,. Thegoal of RTCisto

load design parts on demand. Using RTC allowsthe
implementation of designs larger than the physical gate
capacity of the FPGA, because not all parts are active at
the same time. One important restriction of RTC isthe
necessity of the existence of time exclusive design
components.

» design ascalable emulation system

The new generation of our emulation system uses the
third variant. Although the existing SPYDER-VIRTEX Sys-
tem can be scaled by connecting up to five boards by aback-
plane, there are some limitations regarding the
configuration of the FPGAs. To make the FPGAS in-sys-
tem-programmable, it is necessary to connect the boards
with the PCI bus of a host PC. Due to the use of a PC there
are restrictions in scalability (number of PCI slots). When
dealing with automotive environments, aircraft etc., devel-
opers often have to test an embedded system without any
additional equipment such as host PCs. They need a scal-
ableand powerful emulation environment that also worksin
stand alone mode. Considering this we have decided to de-
velop ascalable emulation platform with a TCP/IP based in-
terface for configuration and communication.



scaablein size

backplanes
|
configuration Xilinx Virtex FPGA
SH 3(;07 I’7€03A (provide up to 3.2 mio. gates)
XCV2000E up to
8 MB Flash XCV3200E
10/100BaseT
e BGA560
] i high densit
Internet ‘ D Iogic analy%,er
(TCP/IP) connectors
extension
header | to IV

SSRAM 128k x 32
or
SDRAM 4M x 32

Figure 7: Basic Architecture of SPYDER-VIRTEX-
X3

The SPYDER-VIRTEX-X3 acts as a master of a scalable
environment as shown in Figure 7. Together with SPyDER-
CORE or SPYDER-VIRTEX boards, the developer can use a
powerful and flexible emulation environment for testing
embedded system designs without a prototype. The config-
uration interface of SPYDER-VIRTEX-X3 isbased on aHita-
chi SH3 CPU running the real time operating system
VxWorks. Dueto the availability of a TCP/IP stack, thisin-
terface can useall TCP/IP based protocals, for example HT-
TP, FTP or proprietary protocols.

Figure 9 shows our FTP-based interface. The major parts
are a ftp server running on the real-time operating system
VxWorks and aflash based DOS file system. Both the serv-
er and the flash drivers were developed by us to offer an
easy-to-use reconfiguration environment. The software ar-
chitecture is shown in Figure 8.

Flash Memory SDRAM Ethernet
Flash Driver, RAM Driver, Ethernet Driver,
DOSfile system DOSfile system TCP/IP stack
Application
FPGA Driver
FPGA

Figure 8: Software Architecture of SPYDER-VIR-
TEX-X3

This architecture supplies a set of hardware designs or
IP-cores. These |P-cores are available as bit images, gener-
ated by software tools from VHDL-libraries or other file
formats. These images can be selected and loaded onto the
Virtex FPGA device. In Figure 8, there are basically two
sources for tapping into the design files. Thefirst oneisthe
local file system, based on a persistent flash memory file
system or a volatile, but quick, RAM disk. The second
source is a world-wide network of external servers, avail-
able via the ethernet interface of the board and the TCP/IP
stack of VxWorks. The modified FTP server is a frontend
for managing all the sources and for integrating it in the en-
vironment of the developers host PC. Figure 9 shows the
way this user interface works. Using a standard ftp client
program, the developer can access the local file system
(background window) of the emulation board as well asthe
design files stored on his developing host PC or on an exter-
nal server (highlighted window). The most important fea-
ture of our ftp server is the so-called , special directory”.
These directories appear to the user as normal folders, but
they are associated with device drivers.
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Figure 9: FTP based interface

By uploading a fpgaimage file in such a directory (i.e. ,
Spyder_1), the files are not stored on the target’s flash file
system, but will be redirected via a driver to the Virtex
FPGA device. This feature offers the ability to reconfigure
FPGAs simply by using drag and drop. Dueto the use of the
FTP protocol, the developer can work with any host archi-
tecture he wants, such as windows based PCs as well as
Unix workstations or Macintosh computers.

4.2 Distributed Emulation Environment

Due to the TCP/IP facilities of VxWorks, the emulation
environment is not limited to a simple target/host develop-
ment environment. Although the ftp interface still offers a
comfortable and flexible working environment, there are



much more powerful ways to benefit from the internet ca-
pabilities of SPYDER-VIRTEX-X3.

Due to the global structure of todays business, classical
working environments become more and more obsolete.
Imagine avirtual company devel oping and producing high-
end electronic products. There are software developing of -
ficesin the United States, the hardware devel opers are Eu-
ropeans and the production labs are located in Asia. The
developer teams can work in different locations, some of
them develop parts of the system like ASICs, other engi-
neers haveto integreate all parts of an embedded system.

The challange is to enable a , distributed office*, that
means offering the ability to work together in asimplefash-
ion. Classical communication pathslike email or the world-
wide web are powerful, but sometimes restricted. Thesere-
strictions are based on the different know-how of the parties
working together. Software developers have very good
skills in debugging code of any kind, but they are not able
to understand a complex hardware design in detail. Devel-
oping very complex systems, like an airplane or spacecraft,
each devel oper only knows a part of the whole designin de-
tail. Imagine thefollowing situation as an illustration of this
point. A hardware devel oper team designs ahigh-end ASIC
with millions of transistors. Due to the complexity of the
chip, there are more than one team, each developing a part
of the chip. The system designers have to integrate the
ASIC in an embedded system. Due to the complexity of the
chip, it appears as ablack box for these people. To fix abug
in the IP-Core design, normally the responsible ASIC team
would haveto changetheir design and to upgrade the ASIC.
Of course they have to guarantee the consitence of the de-
sign. Due to the complexity of such an upgrade process,
only the ASIC developers can doit. In pratice they design a
new image file for a FPGA emulating the chip and the sys-
tem designers have to load it onto a special FPGA to make
it available on their system. Unfortunately, this process
needs alot of effort in the area of communication between
the teams, so it is very time consuming.

A solution which avoids such problems is provided by
the internet capabilities of the SYPDER-VIRTEX-X3 system.
Using an configuration interface like the FTP server or
maybe a JAVA-based software frontend, it is possible to
upgrade the entire hardware of the system or parts of it via
the internet. The IP-Core devel opers take care of the parts
of the hardware they have devel oped, they can exchange it
on the emulation system without any help from the system
integrators. The system developers can focus their work on
the whole embedded system.

5 Results

After the introduction of an emulation-based design
methodology and the SPYDER tool set, which was devel-

oped by our team, it is necessary to document our results
and record our experiences with the system. The past three
years were marked by the development of innovative em-
bedded systems in the area of industrial automation, com-
munication and automotive. This was done in cooperation
with several companies in which these embedded systems
were used for industrial applications.

5.1 Industrial Automation

A major project was done in cooperation with different
industrial companies and led to the development of an Ac-
tuator Sensor Interface (ASI), aso-called ASI-Master. AS|
is a new system which allows for the connection of up to
128 binary actuator and sensor devices with an appropriate
control unit viaasinglebifilar cabel. An additional key fea-
ture of thiswork isthe global access to the ASI-Master via
the Internet, which leads to value-added services as de-
scribed in [7]. Currently that project uses the RTOS Vx-
Works.

During the initial hw/sw partitioning, four tasks run on
the RTOS; two are hard rea-time tasks and two tasks have
no real -time constraints.

* Thelnt_Service task isahard rea -time constraint task
and isresponsible for the data exchange with the slaves.
It generates the current process dataimage.

* TheControl task isaso ahard real-time constraint task
and uses the current process dataimage to calculate the
control commands.

» The server task has no real-time requirements and is
responsible for data and command exchange viathe
Internet.

» Theembedded C_Server task also has no real-time
requirements and transfers commands between aJAVA
applet running on the calling client computer and the
ASI-Master.

The basic idea of the SPYDER-System isto get a detailed
view of theinternal system behavior of complex embedded
systems. In contrast to other approaches like computer sim-
ulation, emulation can check , serious’ problems, like real
time behavior. The emulation using the SPYDER System
shows that an RTOS consumes a major part of the total ex-
ecution resources, if the reaction times decreases down to
the same delay as the task-switching times. In order to solve
that bottleneck, the initial hw/sw partitioning based on an
Int_Service routine in software must be changed and moved
to hardware. For detailed information refer to [4].

5.2 Automotive Industries

In the last months, we worked closely with an automo-
tive company developing different applications running a
real-time operating System (RTOS). The company had used
the hardwarefirst method. After devel oping acomplex pro-



totype, the software devel opers started to code their appli-
cations.

While the automotive team was still developing their
hardware, we had started to port the VxWorks RTOS using
our SPYDER-CORE-P2 emulations system. This was possi-
ble and not difficult even without the availability of the cus-
tomers own hardware. Benefiting from the debugging
facilities of SPYDER-CORE-P2, VXWorks was ready to run
within two weeks, before the hardware of our partner com-
pany was available.

Using the SPYDER emulation system, the behavior of the
target’s microcontroller architecture could be analyzed in
detail by connecting it to a standard logic analyzer. It was
possibleto detect sometricky bugs and to fix them. Because
the emulation system itself was tested, devel opers can focus
on debugging their own applications, without regard for the
problems of newly available prototypes.

To gain from the benefits of an emulation-based design
methodol ogy, our partner company has decieded to use this
approach in the future by using the SPYDER tool set.

6 Summary

We started with theintroduction of state-of-the-art meth-
odologies for designing embedded systems, focussing on
hardware-software partitioning. We have shown the basic
restrictions of these classical approaches. Our solution to
overcome these restriction is a new design methodol ogy,
which consists of two stages:

» preselection of available components
« validation by emulation

The major advantages of our methodology is a paralel
design flow for hardware and software, rapid prototyping
and the avoidance of dangerous design risks. We have de-
veloped an emulation system called SPYDER to use our ap-
proach with real system designs. The methodology and the
SPYDER tool set are successfully applied in industrial OEM
development projects. Our future work will focus onthein-
ternet integration of our emulation environment. The basic
goa of our research activities is a world wide distributed
development environment as introduced in section 4.2.
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