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Abstract

The increasing complexity of embedded systems and de-
mands for quicker turn-around times require reuse of hard-
ware and software components. Reconfigurable hardware
technology opens a new implementation space where soft-
ware and hardware design cycles might be very close in
time and where a broader range of applications can be
mapped on. Using a hw/sw co-design methodology quick
partitioning of functionality between hardware and soft-
ware can be obtained leading to very fast system design cy-
cles. Inthispaper we present the use of a co-design flow and
a configurable system-on-chip, whose most important com-
ponents are a micro-processor and an eFPGA, for an auto-
motive application: the management of electro-mechanical
injectorsfor gasoline and diesel direct injection engines.

1. Introduction

In the design of hardware platforms for embedded sys-
tems, the application domain, cost and time-to-market de-
termine whether the hardware architecture must be tailored
to the specific problem or if, and to what extent, soft-
ware programmable and software reconfigurable compo-
nents should be used. The use of software reconfigurable
hardware has been common in rapid prototyping and the
introduction of FPGA by Xilinx in the mid 80's spurred a
lot of research effortsin the development of reconfigurable
FPGA-based systems (a good survey can be foundin [9]).

Today, reconfigurable hardware is gaining ground even
infinal implementations[10], especially in cases where new
functionality may be added during the life cycle of the prod-
uct or wherein field error correction hasto be provided, and
in the past couple of years, there has been a serious attempt
at developing platforms that combine micro-processors and
reconfigurable logic on the same chip [12, 13, 1, 2]. The
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resulting platforms gain efficiency in terms of speed and
power consumption (Rabaey has recently reported two or-
ders of magnitude difference in power consumption be-
tween a full software implementation and mixed software-
reconfigurable hardware one [8]) without giving up much
in terms of flexibility. Reconfigurable hardware gives back
designers their ability to add value and differentiate sys-
tems by post-fabrication selection and integration of com-
ponents: it was typically done on-board and jeopardized by
the advent of system-on-silicon technol ogy.

Two main approaches can be taken to exploit the hard-
ware flexibility of FPGA. The first uses FPGA as hard-
ware accelerator for computing and can be re-configured
for different computations during run-time. In the second,
on which we focus in this work, the programmablelogic is
used to customize the integrated circuit, e.g. the CPU core
and the 1/O sub-system or just the 1/0 sub-system, for par-
ticular applications (Configurable System-on-a-Chip).

An important application domain for platform-based de-
sign isautomotive electronics, and, in particular, engineand
power-train control, where the need of updating functional-
ities and accommodating last-minute engineering changes
in presence of strong real-time constraints is particularly
severe. The real-time constraints pose strong demands on
both computational resources and I/O subsystems. The
common solution to the design problem is to implement
computation in software, move as much as possible of the
I/O operations to software and, in case the real-time con-
straints are not met, design custom hardware blocks. In
general, the decision on what goes into software and what
necessitates hardware components is made based on intu-
ition and experience, often resulting in suboptimal (to say
the least) implementations and reduced flexibility. Indeed,
moving back and forth from hardware to softwareisamajor
endeavor requiring long manual design processes.

The embedded FPGA (eFPGA) architecture is particu-
larly appealing for this application domain, where 1/O re-



guirements are key in choosing the appropriate architecture
or even in designing a brand new one[6]: it allows moving
quickly part of the I/O subsystem from software to hard-
ware and vice-versa without requiring expensive hardware
redesign to explore different partitions.

A limiting factor in exploiting the power of reconfig-
urable platforms is the lack of a unified design flow that
could easily move functionalities from software to the eF-
PGAs and back. For fully exploiting this flexibility in
short time and with high degree of reliability, appropriate
methodol ogies and tools for system specification, architec-
ture selection, | P integration and automatic synthesis are es-
sential. At this time, moving software, typically written in
C, to hardware, typically written in some hardware descrip-
tion language (HDL), and vice versais a long and tedious
process hampered by the lack of a common abstraction.

POLIS [3] is a readily available open-domain environ-
ment that supports a hardware-software neutral model of
computation, enables a fast design space exploration driven
by performanceestimation, and providestoolsto synthesize
from this common abstraction to either hardware or soft-
ware. However, it presents limitations in the synthesis of
hardware and interfaces. These limitations are due to the
fact that POLIS back end was conceived for rapid proto-
typing and on-board system integration and so it cannot be
used “asis’ to target CSoCs. Our origina contributions are
the specification, validation, design space exploration, au-
tomatic synthesis, and implementation of an industrial au-
tomotive application onto a CSoC, using an integrated de-
sign environment that has been devel oped by modifying the
basic framework offered by POLIS to target reconfigurable
platforms.

This paper is organized as follows. In Section 2 the de-
scription of the design problem, a multiple injection driver
subsystem, is presented. In Section 3, a quick overview of
our methodology and tools is introduced. In Section 4, the
design process is presented. In Section 5, experimental re-
sults are reported.

2. The Application

The cycle of a 4-stroke endothermic direct injection en-
gine consists of four phases. Intake: the piston moves
downward from the top dead center (TDC) to the bottom
dead center (BDC) and air flows from the manifold to the
combustion chamber. Compression: the piston moves up-
ward from the BDC to the TDC compressing the air/fuel
mixture. Expansion: due to the combustion of the mixture,
the piston moves from the TDC to the BDC and torque is
generated. Exhaust: the piston moves from the BDC to
the TDC, expelling the exhausted gas from the combus-
tion chamber. 1n modern gasoline or diesel direct injection
engines, the fuel is injected multiple times during the en-
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Figure 1. Multi-injection system overview

gine cycle, in order to optimize the output torque minimiz-
ing pollution and consumption under any driving condition.
Each of these injections is called stroke and can occur in
almost any phase of the cycle.

An engine control unit (ECU) that electrically controls
the engine, computes the correct amount of fuel, the num-
ber of strokes, the position of the strokes in the engine cy-
cles and opens the injectors for the right amount of time.
Hence, the ECU must drivetheinjectors(onefor each cylin-
der) to supply the fuel quantity with a multi-injection pro-
file and perfectly synchronized with the engine position?.
A functional overview of the system is given in Figure 1.
The grayed blocks represent the 3 main modules in which
the driver can be decomposed. The control law that usesthe
multiple-injection driver as an actuator, provides, a each
exhausted TDC, the opening angle and the fuel quantity
of each stroke. The driver computes the injector opening
times, executes the injection strokes and provides back to
the control law the quantity of fuel actually injected. The
injector opening time, computed by the algorithm, depends
on the requested fuel quantity, rail pressure and fuel viscos-
ity (i.e. fuel temperature). A maximum of 5 fuel strokes
can be performed for each cylinder in asingle engine cycle.
Each injection stroke 1.S; can occur only in a parameter-
ized range of the engine angle: [0%,,cn, @ ci0se]- The en-
gine angle reference is provided by the angular clock gen-
erator (ARC) that translates signals from the crankshaft and
the camshaft sensors into the engine angular position. The
control module supervises the generation of injection com-
mands ensuring that all the strokes are performed and that
injectors are opened after the opening angle and closed be-
forethe closure angle.

The driver must satisfy tight precision constraints: the
injection angle requires a precision and resolution of +0.2
degrees and the injected quantity, if not cut for angle

1Engine position can be represented by an angular reference with a
720° period, the engine angle, identifying both the angular position of the
crankshaft and the working phase of each cylinder.

to injectors



constraints, requires a resolution/precision of 0.1 mg and
stroke-to-stroke dispersion of 0.2 mg. Moreover, the driver
must be capable of managing up to two simultaneous in-
jections into two different cylinders at a maximum engine
speed of 8000 rpm.

3. Design M ethodology

In the POLIS co-design environment, a homogeneous
behavioral representation is used to model hardware and
software components. Thiscommon representationis based
on the Co-design Finite State Machine (CFSM) model
of computation [3] and several languages with underlying
CFSM semantics, such as ESTEREL [5] or State Transi-
tion Diagrams, can be used to capture the behavior. System
level functional simulation, performed in the PTOLEMY
simulation environment [4], allows the designer to validate
the functionality of the system without accounting for any
implementation detail (e.g. hardware-software partition).

At this stage of the design flow, designers can explore
the design space mapping behavioral functions onto archi-
tectural resources. Hardware-software partitioning (includ-
ing functional restructuring as explained in Section 4.3),
scheduling policy selection and communication refinement
all take place at this point. All these steps and design de-
cisions are manual in the proposed framework but are no
more aresult of designers experience or intuition: perfor-
mance evaluation can be carried out by simulating system
behavior with an abstract timing model of the target archi-
tecture and it drives the designer to take the correct deci-
sions. CFSMs mapped to hardware (hw-CFSMs) are sup-
posed to execute in a single clock cycle (this assumption
hasto be verified with alater timing analysis). Performance
estimates of CFSMs mapped to software (sw-CFSMs) are
derived using the technique presented in [11]. The num-
ber of cyclesis estimated on the basis of a set of parame-
ters representing the execution time of basic C constructs
(e.g. if ...then, case, assignments, logic/arithmetic opera-
tions) for the sel ected software domain (i.e. the selected tar-
get processor and compiler). These C statements are the
ones used by the POLIS automatic software generator to
trandate sw-CFSMs' description into a C file that can be
directly compiled into machine code for the target proces-
sor. The accuracy of performance simulation is determined
by how well the effects of various hardware and software ar-
chitectural characteristic, such as the Real Time Operating
System (RTOS), buses, hardware-software communication
mechanisms (interrupt, polling), peripherals, are model ed.

Even if the final target is reconfigurable hardware, we
believe that the use of the co-design methodology enables
a faster exploration of the solution space: it provides both
hardware-software estimation techniques, which can be
used to quickly gather information on the performance of

the target architecture without committing to any actual im-
plementation, and a hardware-software automatic synthesis
path, which speeds up the implementation stage. During the
exploration phase, CPU load and hardware complexity (e.g.
number of latches) are estimated and only when they reach
an acceptable level the implementation phase starts.

The automatic synthesis of hardware and of interfaces
between the hardware and software partitions and their im-
plementation onto the CSoC represent our main contribu-
tion from the method/tool perspective. POLIS automat-
ically generates C code for each sw-CFSM and C code
for a real-time OS, which is responsible for task schedul-
ing and providesprimitivesfor software-software, software-
hardware and hardware-software communications. Several
pathsalready exist for the synthesis of hw-CFSMs and auto-
matic interface synthesisis also provided, to implement cor-
rectly the event-based asynchronous communication mech-
anism acrossimplementation domains. However, we cannot
leverage the entire synthesisflow “asis’ aswe are targeting
CSoCs.

In POLIS, VHDL can be automatically generated from
the intermediate CFSM format. It can be used for co-
simulation, as shown in [7], but it is inefficient or even
plainly not usable if used as a starting point for hard-
ware synthesis. POLIS allows by-passing the generation
of VHDL code going directly into the intermediate format
supported by synthesistools, such asthe Berkeley Logic In-
termediate Format (BLIF) or Xilinx XNF (the latter is used
in[3] for rapid prototyping). Unfortunately, not all thetools
used to map onto the CSoCs offered on the market support
these formats, but all take a VHDL input. We have thus ex-
tended POLIS hardware synthesis capabilities to generate,
from POLIS internal data representation, a VHDL descrip-
tion of the hardware partition that can be synthesized into
the eFPGA, leaving the choice between Mealy-like (1/0 un-
buffered) and Moore-like (1/0 buffered) CFSMs to the de-
signer.

In a synthesis-based flow, the interfaces among the dif-
ferent components of the design should also be automati-
caly (and efficiently) generated. Homogeneous interfaces
do not pose a problem since software-to-software interfaces
are implemented by the RTOS and so they are completely
transparent, and hardware-to-hardware and hardware-to-
environment communications are implemented just over a
wire without the need for latching or other overhead.

On the other hand, hardware-to-software and vice
versa, environment-to-software and vice versa, and finally
environment-to-hardware, interfaces are more difficult to
handle. POLIS uses tri-state buffers for the connections to
the system bus and adds an overhead in terms of config-
urable logic usage. Since we aim at implementing it onto
asingle device, which usually provides native multiplexing
and decoding logic to access the system bus (refer for ex-



ampleto [12, 2]), we want to fully exploit the configurable
architectural resources. Rather than synthesizing into the
eFPGA the gluelogic provided by the POL 1S synthesistoal,
we extract information on number, size and address of regis-
ters, which we use later to configurethe built-inlogic, while
minimizing the use of eFPGA for interfaceimplementation.
Built-in logic configuration usually requires an interface to
a proprietary CSoC development software. According to
which kind of interface specification is provided (text or
graphics), this process may or may not be completely au-
tomatized. Nevertheless, evenin thelatter case the extracted
information eases the configuration task.

Moreover in CSoCs, hardware port address allocation
might be delayed to the hardware configuration step. To ac-
commodate this new degree of configurability, we support
two main flows. top-down and bottom-up. In atop-down
flow, the allocation of the portsfor hardware-software com-
munication is decided and fixed in the POLIS environment
before interface synthesis. POLIS generates the procedures
to access hardware resourcesfor the RTOS and the informa-
tion for the configuration environment: hardware ports in-
stantiation and configuration. In a bottom-up flow, POLIS
generates only symbolic reference for the communication
among hardware and software. The hardware configuration
tool allocatesthe port address and generates the binding be-
tween the symbolic ports and the physical addresses. The
bottom-up flow allows the designer to change the configura-
tion of the system later in the design flow without requiring
any redesign.

After the configuration and compilation phases, both the
executable and the bit-stream for the eFPGA are down-
loaded to the target platform and the debug phase might
Start.

4. Design Process
4.1. Functional Specification and Validation

Starting from an informal, natural-language specification
of the system provided by the Power-train division of Mag-
neti Marelli, we have described the multi-injection driver
as a network of 12 CFSMs (for a 4-cylinder engine). Each
CFSM s captured using ESTEREL, a synchronous reac-
tive language used unbiasedly for both hw-CFSM and sw-
CFSM specification, for atotal of about 1000 lines of code.

The functional description has been validated by means
of extensive simulation reproducing all the possible operat-
ing conditions for the system. Figure 2 shows an example
of the complex injection profile required to the driver. Itis
aresult of functional simulation inthe PTOLEMY environ-
ment: as required by the specification, A to E are the five
strokes performed for one cylinder in a single engine cy-
cle as shown by the TETA diagram representing the engine
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Figure 2. Required injection profile

angle with aresolution of 0.2°/div.
4.2. Architecture Selection and Char acterization

Specifying correctly the delay values is the key point
for achieving a good estimation of software execution time.
About 1 man-day has been spent measuring, with an in-
struction set simulator , 90 benchmark functions for the ac-
curate characterization of the 8032 “ Turbo” microprocessor
embedded into the Triscend TE520S40-40Q device[12] se-
lected for the implementation of the driver.

The CSoC device from Triscend integrates, on a sin-
gle chip, a performance-enhanced 8032 “Turbo” micro-
controller running at 40MHz, a large block of SRAM, a
high-speed dedicated system bus, and configurable logic,
intimately connected to the processor and system bus. The
embedded SRAM-based Configurable System Logic (CSL)
matrix provides “derivative on demand” system customiza-
tion. The configurablelogic architecture consists of ahighly
interconnected matrix of CSL cells. Resources within the
matrix provide easy, seamless access to and from the inter-
nal system bus. Each CSL cell performs various potential
functions, including combinatorial and sequential logic.

4.3. Mapping on a CSoC Architecture

The complexity of the driver and the tight constraints
it has to satisfy (at 8000 rpm roughly one event must
be processed every 4us) make the choice of the correct
hardware-software partition quite critical. This is the rea-
son why we advocate the adoption of a design methodol-
ogy alowing to evaluate different hardware-software trade-
offs very quickly. Extensive architecture exploration has
been carried out involving both hardware-software trade-
offs and the evaluation of custom rather than standard, off-
the-shelf hardware modules. The latter is one of the biggest
advantages coming from the availability of configurable
hardware, which we made even more effective combining



it with a fast, reliable, semi-automatic hardware genera-
tion/configuration flow.

A wide range of architectures, ranging from fully soft-
ware to fully hardware implementations, have been consid-
ered. In the following, two of these experiments are pre-
sented in detail. Full-software, full-hardware implemen-
tations were immediately rejected. The full-software so-
lution, as performance simulation pointed out, does not
even comply with functional requirements while the full-
hardware solution does not fit onto the 2048-CSL eFPGA.

The goal of the first experiment was to identify the right
cut between hardware and software with the twofold objec-
tive of satisfying all the constraints imposed by the applica-
tion while adopting only standard hardware modules. Both
the control and data computation part of the driver have
been selected for software implementation. We have man-
ually decomposed the functional specification to an equiva
lent description “mappable’ onto the chosen hardware and
software partitions (functional restructuring). The mapped
behavior consists of 24 CFSMs: 4 CFSMs implemented
as interrupt service routines (ISR), 8 timers and 12 com-
pare& match modules. The performance estimates provided
by POLIS show an overall CPU load of about 20% at the
maximum engine revolution speed of 8000 rpm. However,
despite the relative low CPU load, performance simula-
tion reveas that the correct execution of all the required
injection strokes cannot be guaranteed when two of them
are too close in time, as shown in Figure 3: boxes indi-
cate missing strokes due to performance limitation of the
hardware-software architecture. If we decided to move our
application onto the costlier A7 CSoC family device fea-
turing the very same eFPGA size but a high-performance
ARMT7TDMI core, then this solution would have been fea-
sible.

In the second experiment, we further decomposed the
functional behavior modifying the hardware and software
partitions basically moving a significant part of the con-
trol module into hardware. Thisimplies the use of custom
hardware 1Ps mapped onto the CSL matrix. In this case,
the mapped behavior consists of 4 ISRs, 4 timers, 12 com-
pare& match modules and 8 custom hardware blocks. The
estimated CPU load is about 12% and the system exhibits a
correct behavior under any operating condition as assessed
by the exhaustive simulations we run (see Figure 3).

4.4, System Implementation on Triscend CSoC

C code for sw-CFSM and a RTOS and VHDL code for
the hardware partition have been automatically synthesized
leveraging POLIS software (native) and hardware (added)
synthesistools. Interface synthesis, on the other hand, isnot
completely effortless. All the communications towards the
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Figure 3. Injection profiles for the first (top)
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software partition are handled by default by POLIS using a
polling mechanism and a reguest-acknowledge protocal. In
this case, due to the tight timing constraints on our applica-
tion, we have to handle these communications as interrupt
requests. More in details, we serve the interrupt requests
according to a deferred interrupt scheme: each ISR enables
all the tasks sensitive to the correspondent event. Enabled
tasks are then scheduled according to the selected schedul-
ing policy (round robin in our case). POLIS does synthe-
size C code for the ISR and so al the designer need to do
manually isto install ISRs in the interrupt vector table and
connect the interrupt request line to the appropriate micro-
controller pin.

The interfaces to the hardware partition synthesized au-
tomatically by POLIS use an edge detector to trandate
pulses, which can potentially last more than one clock cy-
cle, to the one cycle hardware protocol and employ regis-
ters to hold values. In addition, the necessary glue logic,
i.e. registers, multiplexing and decoder logic, is generated
to interface the hardware partition to the system bus. In our
case, the hardware modules are built onto the CSL matrix
that is provided with a native interface to the system bus.
Thus we did not use the POL IS interface synthesis flow but
we have automatically extracted from the POLIS internal
data structure all the information on the required interfaces
such as the number of registers, registers width, registers
address, in case of early binding (top-down flow). Inter-
faces are actually added and configured providing all the
information to Triscend FastChip software, which manages
the entire CSoC design process, from CSoC programmable
logic configuration to system level debugging. At present,
thisis done by means of a set of script files which read the



information we extract from POLIS and use the FastChip
command-lineinterface to instantiate and configure off-the-
shelf IPs, such as command and status registers, as well as
imported user-1Ps. For the Triscend platform, we needed
to provide just a few hand-written lines of VHDL code to
create auser-1P acting as edge detector.

5. Resultsand Concluding Remarks

In this paper we presented our experience in applying a
design methodol ogy based on hardware-software co-design
to theimplementation of an automotiveindustrial case study
onto a CSoC. POLIS confirmed to be an efficient basis for
the fast exploration of hardware-software trade-offs. How-
ever, it did have problems, for our chosen architecture and
application, in the synthesis process for hardware and for
interfaces. The case study has eventually led to the exten-
sion of POLIS hardware and interface synthesis flow, thus
easing the design of CSoCs making it faster and more re-
liable. In fact, our approach allowed to evaluate a number
of partitions in a few hours yielding what we believe to be
an effective implementation of the functionality of the auto-
motive subsystem.

The full design flow from system specification down
to the final implementation took about 60 days account-
ing also for the extensive architecture exploration. The de-
sign was carried out by one person without requiring any
specific skills in embedded software and hardware synthe-
sis. Most important is the fact that combining the function-
architecture co-design methodology supported by the (ex-
tended) POLIS framework with reconfigurable hardware,
we were ableto change the implementation of the systemin
aredly short amount of time. We used less than an hour to
move from a solution to another during architectural explo-
ration, dropping al those alternatives which did not comply
with our functional/performance requirements. The imple-
mentation design step, whose time is completely dominated
by hardware synthesis, took no more than 8 hours to move
from afirst candidate solution to a second one.

Considering the relative complexity and tight real-time
congtraints of our application, we believe that the same
approach can also be applied to other real-time control-
oriented applications and to target other implementation
platforms. Some problems for our idea design flow re-
main open as it pertains to interface synthesis. In fact, in
the present version of our environment, we still have some,
albeit minimal, manual steps. We are currently working to
make the interface synthesis flow completely automatic and
to extend it to handle also specific CSoC communication
resources. We believe that the resulting system will be able
to make the use of CSoC quite appealing for a number of
industrial designs.
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