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Abstract FPGA boards are specific tools for embedded

The development of embedded systems with real-timdevelopment which are cheap compared to singlehpsec
constraints has been rapidly advancing in the2fsyears. of embedded equipments and also incorporate vanéty
Most existing methods are still hard to scale uplésge embedded tools and components that make them leuftab
systems, or they require expensive testing effortsthese kinds of applications. The AP1000 FPGA b¢afds
Embedded CD++ is a software toolkit that uses modela Programmable logic—specifically field-programmeabl
driven method to develop this kind of applicatittased on gate array or FPGA— board manufactured by Amitix
DEVS, a formal technique originally created for mlidg  The rapid and easy design implementation and lost ¢b
and simulation of discrete event systems. Embe@@@#+  such platform enables researchers and studentedignd
is a framework to incrementally develop embeddedand implement variety of embedded projects. Thesgds
applications, and to seamlessly integrate simulatmdels consist of memory blocks, microprocessors (soft hadl
with hardware components. We have deployed thissilo@ macros), multiplier and digital signal processingSpP)
Virtex2 pro FPGA board and made use of differentblocks, embedded system IP such as bus architectung
components of an FPGA device to upgrade the haslwaiperipheral components, and application-specificslieh as
control and simulation capabilities of this toolkithe in DSP and telecom.

process of deployment and also execution of a sasty The Virtex-Il Pro FPGA Prototyping Station, the

control model will be explained in detail. predecessor to this station was the System-Level
Prototyping Station (SLPS) is based on the Xiith¥2]

1. INTRODUCTION Virtex-Il Pro FPGA and includes one AMIRIX AP1000

Embedded real-time software construction has lysual development board installed in the 64-bit PCI-Xt €10 an
posed interesting challenges due to the complefitthe IBM™ Intellisation Z Pro workstation that includes aabu
tasks executed. Most methods are either hard te spafor  Xeon processor core. With large FPGA gate capacity
large systems, or require a difficult testing effaith no (44000 logic slices) and two embedded IBM PowerR€i h
guarantee for bug-free software products. Formahats macros, as well as up to 1.4MB of on-chip RAM, this
have showed promising results, nevertheless, they aplatform gives university researchers a high-pentamce,
difficult to apply when the complexity of the systaunder  multiprocessor development environment.
development scales up. Instead, systems engineams h The AP1000 PCI platform FPGA development board
often relied on the use of modeling and simula(ipt&S) from Amirix™ is a PCI card that can be slid in to the PCI
techniques in order to make system developmentstasislot of an IBM™ workstation. The XilinX" Virtex2 pro
manageable. Construction of system models and thekPGA is connected to DDR SDRAM SRAM, Flash
analysis through simulation reduces both end casid Memory, Ethernet and other interfaces. The AP1080 i
risks, while enhancing system capabilities and owjprg  configured as a single board computer complete with
the quality of the final products. M&S let userpperment  monitor software and Linux OS.
with “virtual” systems, allowing them to explore aifges, By using the AmirixX" PCI platform FPGA
and test dynamic conditions in a risk-free envirentn This  development board, developers can build embeddsdrag
is a useful approach, moreover considering thatintes and explore the architecture in the areas of Netwwgr
under actual operating conditions may be impraktiod in  Communications, digital Signal Processing, Image
some cases impossible. The goal is to develomalaiion  Processing, Industrial Controls, Instrumentatioest tand
environment which can operate in both virtual tiamel real- measurement and etc.
time and also capable of transferring the simulaediels In the rest of the paper will be introducing a DEVS
to the real environment. To achieve this goal theremt (Discrete EVent System) based simulator and alsea&



time extension of this tool and its added capaéditand E-CD++[7], [8], [9]has been developed based on RT-
then propose the process and configurations redjtirgort DEVS formalism[10], [11] which unlike CD++ that works
this tool on the AP1000 FPGA board and also ruragec in simulated environment with simulated time adwanc

study model using this tool on the FPGA board. function, the former works in real-time manner withal-
time time advance function. The inputs to E-CD++4 ca
2. DEVSFORMALISM come from real input ports like sensors, thermorsete

DEVS [3] is an increasingly accepted framework fortimers, or from event files. The outputs can bet den
understanding and supporting the activities of nindeand  external devices like motors, transducers, geahkies or
simulation. DEVS is a sound formal framework based any other component. Hardware-In-The-Loop simulkatio
generic dynamic systems, including well-defined giimg  technique has been used to integrate software with
of components, hierarchical, modular constructsupport  hardware. A comparison between the results of theral
for discrete event approximation of continuous eyst and model on real hardware with real input and oututd on
support for repository reuse. DEVS theory provides the computer with input event files and outputdfiean be
rigorous methodology for representing models, andbés done and the model design can be modified to olten
present an abstract way of thinking about the wavith desired results. Some of the added features to £Che:
independence of the simulation mechanisms, unaerlyi supporting GGAD notation, Real-Time functionality b
hardware and middleware. A real system modeled witimplementing RT-DEVS formalism, flattened coordimat
DEVS is described as a composite of sub-modeld) eéc technique and added embedded functional capasilitie

them being behavioral (atomic) or structural (cealp! Thus E-CD++ can be used as a controller as iblis @
receive real inputs and generate real outputs. @inthe
3. CD++ AND ECD++ TOOLKITS advantages of E-CD++ is virtual and simulated model

CD++ [4], [5] is a modeling and simulation tool that checking prior to real execution on the target.
implements DEVS[6] models simulation based on an Working on E-CD++ can be done writing C++ code in
abstract simulator mechanism. Atomic models arénddf a text-based Linux environment with open sourcéstoB-
using a state-based approach (encoded in C++ or &@D++ will most likely be running on embedded plaths
interpreted graphical notation); while coupled mede with minimum, or even none output peripherals, ¢fiee
contain atomic models composition and interconngcti the information required during development is eath
information of those atomic models. CD++ has beately  limited for the developer from the intended platfiorin
used in various applications from simple queuingteys to  order to improve the development and simulation
complex urban traffic systems or physical syste@iB3++  experience, an IDE is provided for the E-CD++ siatoif
employs the abstract simulators proposed3in Message core that adds Embedded CD++ functionality (thgioal
drives the simulation according to the scheduledeti IDE plus the simulator is called CD++ Buildgr2], and is
points. CD++ is built as a class hierarchy of medelated built on the Eclipse Environmefit3]as a plug-in).
with simulation processing entities. DEVS Atomic dets  The IDE for E-CD++ permits code reuse from the ioiady
can be programmed and incorporated onto the Moalgitb CD++ Standalone version, sharing all the possieseurces
class hierarchy using C++. Once an atomic model ishat the development environment has to offer frihra
defined, it can be combined with others into a mult later.

component model using a specification languageiaihec Since E-CD++ will be deployed in a different ptath

defined with this purpose. Different versions of €bhave (Target) other than the one where it is being dsed,

been developed to facilitate various applications. cross-compilation for the Target is provided, adlves

« Stand alone CD++ implements DEVS and Cell-DEVSmeans of communication to the Target in order twrdoad
simulation. executable binary files, run the executable andugdeb

* Parallel CD++ is aiming to enhance the performasfce remotely. The tool also remembers important preiees,
Cell-DEVS simulation by distributing calculation of i.e. last IP Address used if the connection is kéistaed

different cells over multiple processors. through a Local Area Network, and other simulation
« Distributed CD++ is developed to facilitate the configuration information that remains constanbtighout
coordination of the different simulating engines inthe development process.
different sites through the standard distributed ~TO achieve these features, new processes can be
computing protocols. spawned from the CD++ Builder plug-in, each onealbalr
+ Real-Time embedded CD++ is constructed especiallj0 the others but also following a certain orderoam
for Real-Time embedded systems. A timing feature ofhemselves. For instance the project needs to iedefirst
the Real-Time systems has been included in CD++ t§) order to be compiled and generate an executhlele

check the timing deadlines of given points of theOnly when this file is obtained it can be deployedthe
systems. embedded target, and only when this file is pregerihe



target it can be run remotely thorough a remotell sheeventfiles and executable file to the target environment), an
connection or remotely via a remote command. Howeve Run Smulation on Target (runs the simulation remotely on
each process is separated from the other to gieeuler the target). All of them are self contained JAV/Aasdes
complete control over the development, for instartbe  which are called through the plug-in eXtensible kigr
project can be compiled but not deployed and aipusv Language (XML) script. When the corresponding gt
version of such project can be executed for tegiingoses. the IDE are clicked on, the XML script launches the
Given code reuse from the CD++ Standalone vettsion corresponding JAVA class, which executes the inéend
the E-CD++ version is a central aim, an importanttask.
development resource to be exploited is the CD++derd E-CD++ has a real-time simulation mode nanmeel
tool, an application that permits defining DEVS ratsd hardware mode, in which all hardware interactions are
graphically. CD++Modeler provides an alternativetmoel  disabled, thus making the user capable of real-time
to create DEVS models for CD++Builder without theed  simulation of his/her model and verify its correzsa. The
to use programming languages. The IDE extendedefor other advantage of this mode is hardware failuteatien.
CD++ with the special features aforementioned, alye In case of external hardware malfunction, the usan
benefits from CD++Modeler, as it is a stand-alonedisconnect the hardware and simulate the sameosmant
application that generates models independentlyn ftbe  signals using theventfile events and test the modelno-
target execution environment they will be runnimg o hardware mode to keep track of simulation stages in order
The E-CD++ features of the CD++Builder are:to find the malfunctioning or time limited hardware
Compile2Target (a cross-compiling feature that compiles component.
the model for the target environment while the host
environment is different with the target onégnet2Target 4. PROPOSED FPGA IMPLEMENTATION
(opens a telnet connection between the host andathet Figure 1 shows the AMIRIX' AP1000 FPGA board
environment),Download2Target (downloads themoddfils, hardware architectuif@4].

Expansion
110
1
Spare /0
1 10/100/
SRAM 1000 < RJ-45
(x2) < > Ethernet ’
WGT PHY Ethernet
Expansion SIS
Connector | DDR Virtex-1l Pro 10/100/ <
s SDRAM |« > « p 1000 o RJ-45
(2) Ethernet
MGT PHY
HSSDC-2 | >
Connector [ » R
s (x4) | /
> Debug Port
RJ-45 |4—> Y Processor Bus
Ethernet RS-232
Magnetics (€ | Tranceiver | l !
Local Bus
RJ-45 |« Processor Configuration Program
Local PC| Bus==== Bus Dual PCI Flash Flash
Bridge
64 bit FI‘CI B
i us
A l_ _I
10/100/1000 .
PCI Ethernet PMC Site 64;(;2;:0' PLD Compact
Controller Connector SystemACE Flash Card




Figure 1- AP1000 FPGA Architecture Block Diagram modified from [15]

The FPGA element in our FPGA board is a Virtex-ll on the FPGA board using TFTP server software agidio
Pro central FPGA element and has several interféames and booted the Linux kernel on the PowerPC processo
various devices. It has two DDR SDRAM banks whichThis way we could have an embedded configurable
provide high bandwidth memory interfaces for theahip  operating system kernel that can be configurechttude
processor. Two separate 18Mb synchronous SRAMs amwrivers and libraries for different FPGA componefaisany
also available, which can be accessed as a siiijlait7 type of hardware control application. The otheraadage of
memory or as two completely separate 36-bit memorysing a Linux kernel on the PowerPC is that theratpey
banks. They also provide high-bandwidth to the essor. system kernel provides suitable drivers for all duaare
Various peripheral devices are available through ldtal components that are available on the FPGA boangs th
bus interface, including Flash memory for both pamg making E-CD++ code transfer and reuse from PC {GAP
storage and FPGA configuration data. The SystemACIkasier and also provides efficiency for hardwaikzation.
provides an additional means of FPGA configuratioxd  In our implementation, the Linux kernel operates tbha
the Processor Bus Dual PCI Bridge provides a pddal PowerPC processor of the FPGA board, a virtual X.imuns
additional functions for the FPGA element. This buson top of Windows OS using VMware software player
provides the means to include a wide variety of B which runs ELDK software application, and the Esép
installing a PMC module, as well as an Ethernettroller ~ which provides development environment for E-CD+Hd a
for network access. There are two Gigabit Ethephgsical also cross-compilation for E-CD++. Windows OS pd®g
layer devices connected directly to the Virtex-tbRvhich  HyperTerminal connection and runs TFTP server and
provide additional high-speed network interfaces.VMware Player.

Expansion /0O port provides additional expansionansg
allowing either cabling or custom PCB daughter sdodbe
directly connected to the Virtex-Il Pro. The PClnph
provides accessibility to the CompactFlash, PCI
10/100/1000 Ethernet, and RS-232D connectors. Th
remaining connectors are accessible from withinsystem
chassis.

The PowerPC405 processor interfaces to the DDH
SDRAM controller on the Processor Local Bus (PLB)e
16550 UART is present on the On-chip Peripheral Busg o
(OPB). The PLB-OPB Bridge allows access from théPL )
to the OPB. )

o
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There are several ways to program an FPGA board. T IBM Host Station

provide broader support to a greater range of uydbes

AMIRIX ™ Prototyping Station is supported by two Linux Kernel

operating systems: AP1000 FPGA Board

1. Microsoft Windows XP Professional, 32-bit editios i
running on the IBM PC installed with the AMIRIX  Figure2- Architecture of the Software Environment
AP1000 board. EDK toolset from Xilil¥ can be used
to develop software applications, generate and After configuring, building and downloading the
download a bitstream executable file on to the thoar = Embedded Linux kernel on the board, ELDK tool hasrb

2. Linux for 32-bit x86 processors. The Linux insttibd  used to compile and generate a compatible exeeufdél
running as a virtual machine using VMware’s Playerfor PowerPC processor. ELDK is an open source saife
software on the Microsoft Windows XP Professionalgnu Linux compilers that is used to develop thevearfe
operating system and using ELDKLE] toolset to application for FPGA board under Linux. Thus, isistable
develop software applications and using an embeddefdr E-CD++ in terms of providing cross-compilation
Linux kernel running on the PowerPC processor @n thenvironment in which E-CD++ uses Eclipse environtreen
FPGA board to run the application. the host PC and generates an executable file cdrat
Figure 2 shows different layers of operating systsnxd  with FPGA hardware.

software applications that can be used on the FBGa#d The RS-232 UART I/O peripheral on the Virtex2proG#

and the IBM host PC. provides communication interface between the AP1000
We used the second approach and downloaded a smBIPGA board and the Host PC. A serial connectiowéen

configurable Linux kernel to the SDRAM memory blsck the RJ45 serial port of the board and the COM pbthe
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host PC provides 1/O communication.
application on Windows OS at the host PC is usebotat

HyperTerminalThe model has one output port connected to botlomsot

Figure 4 illustrates the block diagram of the moaled its

the board usingboot boot loader application and render theinput and output ports connectivity.

outputs on the screen. A peer to peer Ethernetemtiom
make it possible to establish a telnet connectetween the
Linux OS on the host PC side and the embedded Lomux
the PowerPC side and download the executable bifiiary
and model related files.

4.1, Robocart Case Study
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—
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We have implemented a simple control model that we

have published previously if9] using E-CD++ on the
FPGA. This example model has been modified whids us
simple DEVS model for control purposes. The maial g
this example model is to test the Embedded funatitynof
the E-CD++ to control the behavior of the robodaravoid
obstacles in its way and continue operating witdl-tene
inputs until the simulation time ends. We use taak
clock feature of E-CD++, receive real-time inputel send
out real-time outputs to the real hardware.

We have built a simple robocart shape device awe h
used appropriate C++ open source librfty] to control
this device using E-CD++ toolkit. The robocart uagsuch
sensor which detects obstacles in front of it.l4bghas an
ultrasonic (sonar) sensor which can measure thmndis
between the sensor and an obstacle in front offlie
robocart has two motors which the direction andspeed
of rotation of the motors can be controlled. Fig@rshows
the robocart from different angles.

FiguréS— Robocart
Using above capabilities, we defined a simple @&om

Figure 4- Robocart model

As mentioned before, E-CD++ usbkardware-in-the-loop
approach to receive real-time inputs. In an itgeathanner,
the inputs from sensors will be available to theput
Generator. The input from touch sensor has higher priority
than the one from sonar sensor; therefore, at gaction

of the loop, the input of touch sensor is checkgdrput
Generator. If there is an input from touch sensor, it shows
that an obstacle has blocked the robocart. Thesingut of
sonar sensor will be discarded and touch sensot vglue
code will be sent to the model input port. Otheeyithe
sonar sensor value will be obtained and checkedfahds
less than a pre-specified value that is necessargvoid
bumping to an obstacle, tHaput Generator generates an
input with the sonar value (which is the distananf the
sensor to the obstacle.)

Below is the DEVS model specification of the rolrbca

M =<X,Y, S ta, dint, dext, A>

X: input portsin (connected tdnput Generator)

Y: output portsout (connected to motors)

S: system statedvloving Forward, Moving Backward, Turn
Left, Turn Right, andStop.

ta: time advance function: handled externally by thet
coordinator.

dint: Internal transition function: specifies the nedtion
and finally resume the forward movement of the catrb
dext: External transition function: checks for sonatauch
value coming from input port to carry out requirsthte
transition.

A: Output function: sends appropriate commands ®
motors.

Whenever there is an input, the external transifiorction
is invoked and checks the input value. If the injgufrom
touch sensor, in this case the robot should redome& to
get the appropriate distance from the obstaclederato do
a turn action. Thus, the external transition fumctchanges

th

DEVS model to receive inputs from sensors and Senghe state of the robocart Move Backward and introduces a

outputs to the motors. For simplicity reasons,ttael has
only one input port which obtains its input from thvo
sensors and differentiates the inputs of differeahsors
based on different value codes that is defined dach
sensor and given to each sensorlyyut Generator block
(Another ideal case could be one input port peh sanisor.)

very small transition time (to avoid zero trangititime
conflict). The output function sends backward mgvin
command to the output port and the internal statesttion
function changes the state Tarning Left or Turning Right
and introduces a certain transition time for baakirraotion



to complete. After transition time is passed, thépat ‘s ap1000 - HyperTerminal

function will send turning command to the outputtpand e V'E”S@”_DTT;E”E‘”

internal transition function will resume the stédeMoving preparationTine-60:00:00:010 3
Forward and start a new pre-specified transition time for| |furnline=00:00:02:209 =

turn command to complete. Again after elapse time i| |ren atomic model is created

create an atomic model rtc@

expired, the output function will resundoving Forward (F\danmpnner_\t)tﬁompnnent D rtch
motion and the internal transition will do nothing. 00-00:B6-000 / in /  10.00000
The other case is the sonar sensor input. Ircétge again a | [0:60:1¢:000 7 in 7 3 00600
very small transition time is defined (to avoid @zéransition fovng Poruacd

time conflict) and the state of the robocart wilange to second internal passed / state=1

Moving Forward

Turn Left or Turn right. When the transition time expires, | |Moving Backuard

first internal passed / state=4

the output function sends appropriate output to dbgput Turning Right

port for both motors to do the Turn action (one ondtoats Mzs%gg%;p;g:gal wessed § minferl

and the other continues rotating). The internalcfiom [ ) T —

resumes the state of the robocartMoving Forward and Hoving bormarg

defines another elapse time which is calculategédas the bash-2.054 _

Turning speed and desired degree of turn in ordettte < s

robocart to remain in turning state in this periadd LAt CE R T R i L

complete the turn. When this transition time issfired, the Figure 5- Robocart Model Execution Sequence on
output function sends appropriate commands to nibee Hyper Terminal Window

robocart forward (both motors rotating) and theeiinal

function will do nothing. The AP1000 FPGA board is able to work as a single

board computer, thus makes it suitable to be maouote
4.2 Results any external hardware as device controller.
We modified E-CD++ source code to adapt with thecific Figure 6 shows the output file contents for anothe
gcc compiler version included in ELDK tool that is €xecution of robocart model in real-time anathardware
compatible with PowerPC4xx processor series. Then t mode with differeneventfile events. We have defined 1 to 5

PowerPC executable binary file has been downlosalgge ~ Numerical values associated witoving Forward, Moving
SDRAM memory block of the FPGA board. The RobocartBackward, Turn Left, Turn Right, and Sop states
hardware communicates through USB port. BecausEeSPectively. At the beginning of the simulationiaternal

AP1000 FPGA port does not have USB port we ran th&ransition is performed to start the motors to mévard.
simulation in real-time ando-hardware mode in which the 1 hiS output is shown in line 1. At time 00:00:01368 touch

inputs only come fromeventfiles and outputs get saved in SENSOr event has been detected. After passing @ sma
output files. The robocarnodelfile and eventfile have also  €xtérnal transition of 10 milliseconds, right ammé

been downloaded to the SDRAM memory block. Figure §0:00:01:643 the backward movement output has been
shows the execution outputs of the robocart modéh w produced (line 2) and after 2 seconds internalsttiam the

three input events at"6 9" and 14" seconds after the start next output which iSurn Left.i_s generated (I_ine 3). Finally
of the simulation with 10, 1000, and 3 respectinput after 2 seconds and 200 milliseconds kheving Forward

values. 10 and 3 are considered as sonar sensanais in  State is resumed (line 4). As you can see the tatju

centimeters and 1000 is considered as touch sengat  /IN€s2 and lines 3 are generated a bit later thentime
value in robocart model. Below these lines, thetesta €XxPected which indicates hardware delay. There alss

changes of the model based on the input valueshanen. another touch sensor input at line 7 and a sonmaut iat line
10.

The concept of deadline for each transition is &isible in
the output file.

1 Time: 00:00:00:028 (no dealine specified)] OutPort: out PortWalue:
Time: 00:00:01:643 DL: 00:00:04:620 (Suc) OmtPort: out PortValue:
Time: 00:00:03:648 (no dealine specified) COutPort: out PortValue:
Time: 00:00:05:547 (no dealine specified) CmtPort: out PortValue:
Time: 00:00:06:025 DL: 00:00:07:000 (3uc) OmtPort: out PortValue:
Time: 00:00:08:226 (no dealine specified) OutPort: out PortValue:
Time: 00:00:09:543 DL: 00:00:12:516 (Suc) COumtPort: out PortValue:
Time: 00:00:11:543 (no dealine specified) COmtPort: out PortValue:
9 Time: 00:00:14:042 (no dealine specified)] OutPort: out PortWalue:
10 Time: 00:00:16:600 DL: 0O0:00:19:573 (Suc) OutPort: out PortWalue:
11 Time: 00:00:15:792 [(no dealine specified) CutPort: out PortWalue:

Figure 6- Robocart model output file
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This example proved Embedded functionality and-tieaé and Continuous Complex Dynamic Systems".

input capability of E-CD++ in a control project. rBa Academic Press. 2000.

example have been developed using real-time kegboaf4] Wainer, G. 2002. “CD++: a toolkit to define disaet

inputs to steer the robocart through its path. event models”. In Software, Practice and Experience

Wiley. Vol. 32, No.3, pp. 1261-130.
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