Emulation of a Fast Reactive Embedded System using a
Real Time Operating System

Abstract system performance and the complexity of the functio-
nality.
This paper presents the emulation of an embedded Nevertheless, if fast reaction times of about @20
system with hard real time constraints and responsdnUSt be guaranteed, the software overhead due to task

: switching becomes a limiting performance factor and
times of about 22(s. We show that for such fast reac- the effect of the caches makes the performance analy-

tive systems, the software overhead of a real time opesjs very difficult. These issues will be addressed in this
rating system becomes a limiting factor. We analyzepaper, which is organized as follows:
the influence of novel microcontroller features, e.g., In chapter 2, we give a short overview of the state

different on-chip caches, which tend to accelerate exe®f the art and our own previous work. Chapter 3 intro-

cution, but make it less predictable. These investigatiduces the emulation environment SPYDER-CORE-P1,

h b q d usi i which was developed for the emulation of sophistica-
ons have been conducted using our own emulatiofeq empedded systems. Chapter 4 describes the bench-

environment called SPYDER-CORE-P1. mark application and the different software tasks,
which are running under the control of the real time
1 Introduction operating system VxWorks. Chapter 5 analyzes the

Most of today's existing technical applications are Performance effect of the different on-chip features
controlled by so-called Embedded Systémisglany provided by novel microcontrollers on overall perfor-
different application areas exist which demand theirm@nce and outlines the system bottlenecks. Chapter 6
own specific embedded system architecture. Theredescribes the results of the investigation and chapter 7
fore, as described in [1],” a common definition of SUmmarizes the entire paper.
embedded system does not exist. _

The application presented in that paper is used i? Previous Work
the area of industrial automation. In that domain, an
embedded system architecture consists of an applic@.1 State of the Art

tion specific hardware part, which interacts with the  Hard real time requirements heavily influence the
environment. At the same time, an application specifichardware/software partitioning in order to find a good
software part is running on a microcontroller. Especi-go|ytion with respect to performance and cost. The tra-
ally the interaction with the system environment forcesgitional method applied by most system designers
hard real time requirements. _ . today can be described as a two step solution. First, a
In the last few years, the rapid progress in micro-printed circuit board containing all the selected chips is
electronic technology has reduced component COStgeveIoped and after production, the necessary applica-
while simultaneously making the introduction of the tjon software is written in the second step. The main
32 bit embedded microcontroller [2] in a widespreadgisadvantage of this method is the lack of detailed
area of embedded system design quicker. Additionallyknowledge about the internal embedded system beha-
powerful on-chip features like data and instructionyior which can only be determined very late in the
caches, programmable bus interfaces and higher clo sign process. If system requirements are not met,
frequencies provide an enormous performance speegyprrections must be made late in the development pro-
up and simplify system design. These hardware fundagess significantly increasing design time and total
mentals enable the implementation of a real time operosts. Sometimes, the entire project must be cancelled
rating systems, which lead to the rapid increase in totadje to time or budget restrictions.
1 This work was supported in part with funds of the Deutsche Forschungs- 1 he more scientific approach tries to describe the
gemeinschaft under reference number 3221040 within the priority pro-behavior of a system at a high level of abstraction.
gram “Design and design methodology of embedded systems”. After the design entry step, some performance evalua-




tion is done followed by co-synthesis techniques forthis paper is the experience, that emulation is a power-
software and hardware as described in [6][7]. Theful method to analyze the internal behavior of complex
result is verified using one or more combined simula-embedded systems and guiding the definition of the
tors. This approach suffers from the lack of an appro-architecture of our second generation emulation envi-
priate design language to describe all the aspects of awnment called SPYDER-CORE-P1 [4], which will be
embedded system. A mixture of different languagesdescribed in chapter 3. It is used for the current presen-
must therefore be used. Each language addressestea work.
separate part of the system, which makes design entry Another major project was done in cooperation
a time consuming and difficult task. Additionally, the with different industrial companies and led to the
complex interaction between the system and its envidevelopment of an Actuator Sensor Interface (ASI), a
ronment must be modelled for simulation. That work isso-called ASI-Master. ASI is a new system which
also very difficult and in some cases impossible wit-allows for the connection up to 128 binary actuator and
hout an unreasonable amount of resources, tools argensor devices with an appropriate control unit via a
design time. single bifilar cabel. An additional key feature of this

If we compare the two design methods mentionedworks is the global access to the ASI-Master via the
we can say that using the traditional method leads to iternet, which leads to value-added services as descri-
system without no detailed knowledge of behaviorbed in [5]. Currently that project uses the Real Time
during the design process and is mainly based on th®perationg System (RTOS) VxWorks, which is run-
experience of the designers to make it work. The scienning on SPYDER-CORE-P1. It is used for the schedu-
tific approach recognizes that fact, but suffers itselfling of different tasks. This application serves as an
from a lack of appropriate tools to apply the method.benchmark and is explained in chapter 4. That applica-
That was the motivation for us to search for an application example was selected due to three major characte-
ble method for getting detailed information based onristics:
understandable measurements of the system during an
early design stage. Furthermore, the method should be 1. Sophisticated software task architecture (RTOS)
very close to the final target system and avoid estimati- 2. Novel microcontroller architecture with caches
ons about the embedded system behavior to decrease 3 East reaction times to external events
the risk involved with the development. '
tureéri]sagr%oe?jcdhédwsh ich is able to provide these fea _ These characteristics make up a complex internal

ystem emulation. It offers the pos tem behavi hich is theref itable to d

sibility to find the best hw/sw partitioning and the best SYStEM benavior, which IS tneretore suitable 1o demon-

usaqe of svstem resources early in the desian procesirate the benefits of the emulation method in order to
Mar?y diﬁe¥ent emulation enviroynments exis%. Ap few Jive answers to three important questions which arises
environments [8][9] are principally very flexible, but TOM @ system designers point of view:

because of the high degree of flexibility are not suita- , , .
ble for an embedded system like the type of fast reac- 1+ What is the optimum clock speed in order to
tive embedded systems under consideration here. This ~ Mmeet all real time constraints and to prevent an

is due to the great expansion of the resulting system, oversized or an undersized system?

leading to the loss of real time capability. Therefore, 2. How much computation performance is con-
we have developed the new emulation environment sumed by the RTOS in a fast reactive system?
explained in chapter 3. 3. How great is the performance enhancement of

the caches?
4. What can be done with the cache enhancement?

2.2 Our basic work

The past two years were marked by the develop-
ment of innovative embedded systems in the area of _ _
industrial automation and communication. This was___ This paper shows, that these questions are not
done in conjunction with different companies and limited to that specific application, but are general que-
these embedded systems are needed for industrigfions about many applications in the mentioned area.
applications.This work serves as a basis for the current )
research work, which investigates more effective3 Emulation platform SPYDER-CORE-P1
methods for embedded system design. The current version of the SPYDER emulation

The design of an Asynchronous Transfer Modeenvironment consists of two boards. SPYDER-ASIC-
(ATM) diagnostic monitor was characterized by the X1 [10] is one part of the tool set and mainly addresses
complex initialization process of Application Specific the emulation of large VHDL-based ASICs designs on
Integrated Circuits (ASIC). That work [3] was done a FPGA. SPYDER-CORE-P1 is the second part of the
using our first generation emulation environment. Thetool set and is used for the emulation of the entire
main contribution to the current work documented inembedded system architecture. Both boards are com-



patible and can easily be connected to each other vial@ardware.
backplane. For the work described here, only SPY-  Each microcontroller bus signal is available on the
DER-CORE-P1 was used, thus only this board is desextension header 1. They provide the means to connect
cribed in detail (see figure 1). The SPYDER-CORE-P1a co-processor, e.g., a reconfigurable XC6000 FPGA,
environment provides all the key components neededo the microcontroller very closely or to connect
for embedded systems in the area of industrial automadebugging equipment, e.g., logic analyzer, to the SPY-
tion within a flexible, but still compact architecture, DER-CORE-P1 emulation environment.
which guarantees high clock speeds. This enables a A driver device implements a buffer between the
real time emulation, which is very close to the final tar- high-speed 32 bit wide microcontroller bus and the
get system. slower 8 bit I/O bus. It connects some frequently used
A 32 bit RISC embedded PowerPC 403GA/GCX communication and memory devices to the microcon-
microcontroller [2] is used. It provides the following toller.
three advantages:
1. It is available in a wide clock frequency range. 4 Internet controlled ASI-Master

This enables the emulation of a large area of  The Actuator Sensor Interface (ASI) connects up
applications. An analysis step can achieve theto 32 ASI slave chips via a single, bifilar cable with a
right values to satisfy all real time requirements ASI master unit (see figure 2). That master unit calls in
and prevent an oversized or undersized system. 2 polling cycle each connected ASI slave with its own

. . . .. address (bits A4..A0), followed by the output data
2. The microcontroller architecture provides dif- image (bits 14..10). The ASI slaves respond, if the

ferent types of on-chip caches (instruction andaddress in the master call matches with their own
data, each having different sizes). The analysisaddress and transfer the input data image back to the
of performance improvements with respect to master. Each slave is able to connect to up to four

different cache operations in fast real time sys-binary sensors (41) and up to four (40) actuators. The
tems, which are running under control of a serial master call protocol must be modulated on the

. . . . ASI cable using a dedicated analog module (see figure
RTOS, is an interesting research topic. _1). An ASI slave is available as a single chip solution

3. A flexible programmable bus interface provides which has the same capability on-chip. Additionally,
a direct interface to most peripheral devices.an ASI power supply unit provides 24 DC voltage for
This enables the simple implementation of a lowthe slaves via the same cable.

or high end system without additional glue

up to 32 slave devices

logic.
ASI 40%
ASI
on board resourcesy, pir power w slave al i
- microcontroller 8 Bit I/O Bus supply
main bus ST EB POWI——
extension memory FLASH Internet
headers DRAM | ! 2 8MB 401
1-128MB ASI bifilar ASI-cable ASI
~rbodded Ethernet| master master call - slave %
o | |1 | poepe | || ][] o osdnamenlnoul g deel | pow
6000 PPC403GCX| — sT EB
25.80 MHz || 2 Serial Figure 2. ASI Communication System
interface POrtS | qp
analog FPGA | DPRAM The ASI master is emulated on SPYDER-CORE-
moduld Xc4000 | gl P1 very close to the final target system without any
44.000 gates major changes. The hardware connection between the
¢ microcontroller and the analog module (two wires,

serial in and out) is implemented as a dedicated ASI
hardware in the interface FPGA XC4000 (see figure
3). The microcontroller writes the output data image to
The high-speed microcontroller bus is connectedN€ register file and the ASI UART performs a parallel

do serial conversion with manchester encoding. The

to the main memory and the interface FPGA. It can be;. : ; .
used to connect the entire microcontroller bus to exterdigital serial data output is modulated to the ASI cable

nal devices via the extension header 2 or it can be usey. thle a;na#]og moguleﬂ;rhe receive path operates analo-
to emulate additional application specific interface 90US'Y 10 the Send path.

ASl-cable 25..40 MHz 1 MHz

Figure 1. Architecture of SPYDER-CORE-P1




accessing a simple /O device (I/0O-signal), which is
recorded by the logic analyzer. The ASI standard defi-

—pedser e FA— nes the time delay between to serial bits on the ASI
ol e sarallelserial converter and g cable during the master call and slave answer with
35 urite_reg_high manchester encoder toffrom 6us. Together with master and slave break times, the
g g | NI P— anajog microcontroller must exchange data with a slave every
5 £ |read_reg_low PR —— 22Qus. Therefore, this value is an ASI specific real-
® £ |read_reg_high serial/parallel converter time critical constant. During this time, the microcon-
AS|-Master implemented in troller must execute the following sequence, interrupt
igtgzafgsiigjoé‘;)“ofooMHz ASIUART reaction, interrupt service, task change, run control
i task and take a semaphore (semTake). To determine
. the minimum clock speed, all caches must be disabled
Figure 3. ASI Interface Hardware due to the fact, that this sequence is a hard real time

i . constraint and a worst case analysis has to be done.
The Real Time Operating System (RTOS) Figure 5 shows, if the worst case scenario occurs, it
VxWorks [11] runs on the SPYDER-CORE-PL. It pro- yjj siill run successfully with a minimum clock speed

vides a TCP/IP stack for communication via ethernet.of 33MHz or more. If the clock speed decreases, the
This interface is used as a link to the VXWOrks eyt interruption (int = low) happens before the

development environment running on a host PC. AddisemTake currently being executed has finished. This
tionally, the ASI application uses that interface as ameans, the real time requirement can no longer be

link to the Internet.  satisfied.
Four tasks run on the RTOS, two are hard real time
tasks and two tasks have no real time constraints (see real time critical constant
ﬁgure 4) int_reac Int-cycle = 220 ps PPC403/33MHz
1. The int_service task is a hard real time con- g B all caches disabled
straint task and is responsible for the data | RTOS control [
exchange with the_: slaves. It generates the curqg Int-service ‘am semTake
rent process data image. 0 0 5o 160. L
2. The control task is also a hard real time con- IH/IHHWHH HHHHH‘
straint task and uses the current process data |, .t ’100 ‘200 Hs

image to calculate the control commands.
3. The server task has no real time requirements

and is responsible for data and command g e 6 shows the clock frequency range form 25
exchange via the Internet. up to 80 MHZ on the x-axis. The y-axis shows the ratio
4. The embedded http server task also has no realf the value of the real time required for the execution

time requirements and transfers JAVA applets toof the mentioned task sequence (see figure 5) and the
the calling client computer. real-time critical constant. The upper curve depicts the

case without all on-chip caches, which must be used to

Figure 5. Execution Times

ASI application http- determine the worst case scenario for hard real time

nt_service |__control [ server server | Internet conditions. If the PPC403 operates at 33 MHz and the
VxWorks real fime operating system TCP/IP worst case scenario occurs (total cache misses and
flushes), it is still able to guarantee the real time requi-

SPYDER-CORE-P1 hardware Ethernet rement. If the clock frequency decreases, the y-value
increases above one. That means, the microcontroller

Figure 4. Software Architecture performance is undersized. If the frequency is greater

than 33Mhz, the system is oversized.

For a more detailed description, refer to [5]. The lower curve shows the behavior with enabled
D & | caches. This is the normal operation state. The

5 Embedded System Performance Analysis optimal working frequency (33Mhz) provide an aver-

. L . age gain of about 40% in execution performance. This
timeFIt%l;rlic,5rﬁgg\évusread“vr\r/1ilt?1gadllggirgrgncgl tggrhﬁ.ﬁjer?r{atl_m% gain of the microcontroller execution perfor-

. ’ . gic analyzer. mance can not be guaranteed in all cases, it is possible
signal shows the interrupt communication between th%hat lesser percentage occurs, although this perfor-
AS| specific hardware implemented in the mterfacemance gain usually can be expected. Therefore, these
FPGA and the microcontroller. The int-service andresources can only be used for no real-time tasks. In

control tasks mark their begining and end states b¥he range of 40MHz up to 80Mhz, an further signifi-



cant performance gain can be verified. This is due t&/ Summary
the fact that the 403GCX type in that speed range used system performance is influenced by many inde-

has eight times larger caches than the 403GA type.

real time execution time (used)
real time critical constant (220 ps)

L optimum
15

under

sized oversized
|
Calculation performance
for no real time critical tasks
1.0— — ~_(e.g. Internet communication)
40% without caches
0.5
403GA-Caches 403GCX-Caches
kerks P T6KB/BKB
with | & D caches
| MHz
| microcontroller
25 33 40 clock frequency 80
Figure 6. System Execution Resources
6 Results

The results give answers to the questions formula
ted in chapter 2.2 and can be summarized as follows:

terministic parameters. In order to meet all real time
requirements and exploit all available system
resources, a detailed view of the internal behavior is
necessary. Therefore, this paper presents the emulation
of a fast reactive embedded system, running under
control of a RTOS, as a powerful method to solve the
problems mentioned and shorten the design time and
risks.

In this paper, a novel emulation environment cal-
led SPYDER was introduced, which emulates very
close to the final target system. A benchmark design
with an industrial background was used to demonstrate
the method. The optimal working frequency lies at
33MHz and the emulation shows, that a RTOS can
consume up to 77% of the total execution resources, if
the reaction times decreases down to the same delay as
the task switching times. Additionally, the effect of on-
chip caches is determined with a 40% performance
gain, which can be used for such things as non-real-
time critical network communication. This enables the
total exploitation of all system resources and leads to
value-added system services without higher clock
speeds.

1. The emulation gives a detailed view account of
internal behavior in an early design stage and[l]
shows the optimal working frequency at
33MHz, which avoids an oversized or under- [2]
sized system. The emulation reflects the final[3]
target system very closely without any change.

2. State of the art RTOS achieves task switching
times of about §@s and interrupt reaction times 4]
of 27us. As shown in figure 5, the total time the
RTOS uses is 176 and the total time for the
application is 5Qs. Therefore, 77% of the total
execution time (220s) is consumed by the
RTOS. That means, if the external environmentg)
of a fast reactive system forces interactions
(here 22(s) to the same degree of magnitude 7
as the task switching time (herel®0), the soft-
ware overhead of the RTOS becomes a limiting
factor for the total embedded system perfor-
mance.

3. Caches, which are enabled, improve executioqg]

performance and provide a gain of 40%.

If a system requires hard real time conditions,

this is done without cache enhancements. Suclp)

enhancements can only be used for non-real-
time dependent system services, e.g., network

communication via the Internet. [11]

(5]

(8]
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