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Abstract particular data on which the design is focused, the system

The application range of the embedded computing i§&n Pe roughly classified into: data dominated and control
going toppcover the ?najority of the market pproduscglztsdom'”atEd [1, 2]. We devote our attention mainly to the
spanning from consumer electronic, automotive, telecorgPNtrol-dominated applications whose purpose is to react
and process control. For such a type of applications,© external stimuli, possibly within some tight deadlines,

typically there is a strong cooperation between dedicatelf’Ut where data intensive functions play a secondary role

hardware modules and software systems. A important iss @.ﬁh 4].h I f findi i thodol to devel
toward a fully automated system-level implementation is_'"N€ challenge of inding out a methodology to develop

represented by the software developing process. The ba -est—eiffe((:jt.ive Q}afdwafe-sgﬁwage ﬂsterlns h?hs b_eetn driven
requirements are: accurate timing characterization to bePy ®X!€nding the research in hign-ieve’ synthesis to cover

used during the early stages of the design to compar@e particular requirements of buildings blocks and

alternative architectures and reliable synthesis techniquesPecification formalisms for mixed hardware-software
to ensure the respect of the correct functionality by2rchitecturegs]. Our goalis to identify a pragmatic design
avoiding, as much as possible, the direct designer ethodology for control dominated embedded systems to

intervention during the development process. e actually used, and therefore interfaced with the

This paper aims at describing a novel methodology tdndustrial requirements, of an lItalian telecom company

P hose main products are in the area of public switching.
address the needs of concurrently synthesizing thg/ " ; !
software component of a control-dominated l?’lhls project, named TOSCA (Tools for System Codesign

hardware-software system, possibly under real-timeutomation), started some years ago and is currently under

constraints. An intermediate model (Virtual Instruction d€velopment at the CEFRIEL research cef@igrThe aim

Set) for the software is presented, suitable for both folS t0 define a m?t?odolo%y and thf(la re:la'ﬁd CAD tsupport }0
synthesis and analysis purposes. The overall systefffVe' & complete co-design Tlow. e capturing o

synthesis is presented with particular emphasis on thgncpmmi,tteg pt)_rocess—(ljevel ?pec&cation.f_im;!udiriﬁ the
problem of low level performance estimation, staticd€Signer objectives and constrainte-specificatiol, the
|%ent|f|cat|on of a suitable system-level modularization of
t

scheduling of the software process and retargetable cod L o o / A
synthesis. 1e initial specification design-space exploratiorand
binding to be mapped onto the hardware or software
components composing the target hardware-software
1. Introduction architecture ¢o-synthesjs Hence, before committing to a
) specific implementation, the initial system specification

The increasing pressure of the embedded system mark@n _be manipulated to fulfill the target design
to shrink time-to-market, size, power and cost of productseauirements. This partitioning process, can be viewed as

is facing the designers with the problem of managing th@" incremental activity of modification of the initial
entire synthesis flow of architectures composed opPecification through the application of transformations
programmable software and hardwarines[1]. In this under the driving of metrics for system quality evaluation
paper we refer to dedicated designs as those embeddedl§k The internal model is based on a customization of the
equipment for automotive, process control and teleconycc@mIl[7] computational model. The specifications and
applications such as public switching and networkingf;”s”a'”ts can be captured through a built-in mixed
systems. For this class of systems, the function to b xtual/graphical editor. Direct import fron existing design
implemented is well known in advance and it will neverEntry tools (such as speedCHART) is also supported, based

change during their operational life, apart from possiblé" At‘rf‘te us?hof S‘.Jétabtl.?. Oct:pamll ?ro&(]ass tent1_plat|es. )
minor adjustments. As opposed to the general purpose Z\t€r e idenuncation or the optumal system

computer systems, embedded applications do not requirepé‘rtiﬁ.o”ir‘gf ﬁnd binding, the following stage ilsd_th_e |
significant degree of flexibility once they are running. MappIng of the system description onto an actual digita
They are usually produced in large volumes andrchitecture. The TOSCA co-synthesis is performed by two

different tools: a tool for VHDL generation for

sophisticated analyses and optimizations can be carried - ot - )
to meet the design requirements. According to th%1ardware-bound architectural units including interface



generation, and a software synthesis tool forassembly instruction sets while accurately predicting the
software-bound architectural units, including a lightweightperformance of the CPU and 1/O. Even if the VIS code is
Operating System. Interfaces are generated with respect teadable, it has to be pointed out that user should interact
the adopted model of communication, currently a fixedwith it only during the final system-level co-simulation,
protocol is available, consistent with the target architecturéhe maintenance of the system has to be performed at
adopted. system-level.

This paper emphasizes the problem of the modeling and The paper is organized as follows. After a brief
synthesis of the software programs running on thealescription of the target architecture we are considering to
microprocessor. The presented approach aims at providimghysically implement the system, the problem of
a complete solution by taking into account the operatingcheduling the software-bound modules identified during
system including CPU scheduling and 1/0 managementhe system exploration is detailed. In particular, section 3
direct generation of the software at assembly level, and th@esents an overview of our solution based on a static
definition of a model of the software for co-design scheduling using the information obtained during the VIS
purposes to allow code retargeting and VHDL-basedjeneration, detailed in section 4. The main features of the
co-simulation of hardware-software systems. VIS notation are introduced by means of a small

In literature, the identification of the software side ofillustrative example. The paper is concluded by an outline
the system is frequently unbalanced between hardware anfl the results of our researches in the field of software
software, since typically it is considered at a higher levemodeling and generation for embedded systems and by the
such as the C language. A comprehensive analysis of tlygiidelines of current investigation effort.
proposals can be found if8]. For many dedicated ) )
applications, it is becoming important to consider the rea. The target architecture for system synthesis
time constraints not only during the hardware generation
but also during the system-level partitioning and software Once a pair of hardware and software bound sets of
synthesis. Recent works have considered the softwaraodules have been defined, the following step is to
properties at a finer granularif9, 1J. Specific scheduling produce their implementations. The synthesis stage will
algorithms are emerging to manage the coexistence @kroduce a mapping of the system onto the target
interacting hardware and software parts in the globahrchitecture reported in terms of:

design[4, 11 as well as to optimize the interfackd.  « a5sembly-level code for each sw-bound process,
Software performance modeling and compiling techniques  5¢cording to the target microprocessor instruction set;
are now entering as a substantial stage of the co-design operating system support for process to process

flow both for reactive systenfS, 1 and data dominated communication (both between sw to sw and sw to hw),
applications [8, 12, 13, possibly with retargeting as well as for CPU scheduling;
capabilitieg 12, 14. * VHDL code for each architectural unit (coprocessor)

For our target application field, frequently requiring  corresponding to hw-bound processes; this includes
hard real-time performance and low-level characterization 5159 the implementation of the hardware side of the

of 1/0 interfaces, we found advantageous to consider the interfacing subsystem, allowing the mapping of the
software at a lower level of detail with respect to C t0  apgiract process to process communication onto an
g}r/i(t:ié(r:]ﬁ the effects of the compiler and of the operating  actyal system architecture.

The software generation is based on the use of a generic 1€ €ntire system is intended to be implemented via a
Virtual Instruction Set (VIS) acting as an intermediateS"dlé ASIC including a microprocessor core with its
language between OCCAMII and the target CPU assembfJ?€Mory, even if part of the memory can be external, and
aiming at capturing the minimum set of features shared b€ dedicated logic implementing the set of hw-bound
microcontrollers for embedded applications. According tgnodules (called coprocessors) identified during  the
the needs of the application field, requiring simplicity andSySterlevel design phase.
predictability, a static schedule approach with a coroutine 1N€ master processor is programmable and the software
scheme has been adopted as the target software structffa Pe either on-chip resident or read from an external
The VIS model is useful both for evaluation and synthesid€mory; —dedicated units operate as peripheral
purposes and it is conceived to achieve the following goal€oProcessors. Hardware and software bound elements are

e simulation of the mixed hardware-software s stem'hterfaICed by means of a master-slave shared bus
Y communication strategy. All hardware to hardware

within the S?][T‘% VHDL simulation environment by qmminications are managed through dedicated lines. The
usw&gl simplified  non-proprietary  MICroprocessor gan memory required for program/data storage shares
mo 95[15]-f h vsi | tipleN€ Main data bus with the coprocessors, but can be
* extension of the analysis to cover also multipleyccessed only by the master CPU. Communications among
processor families with minimal user intervention; CPU and coprocessors are based on a memory mapped 1/0
* good predictability of the final running software scneme with one bus interface manager per coprocessor

behavior and cost; , based on a common I/O buffered protocol manager.
» integrated design flow able to cover the entire system A suitable VHDL generator has been developed

synthesis in terms of hardware, interfaces and softwarey, i Pt S
kg ; g from the OCCAMII description stored within the
The actual use of VIS within the TOSCA environment yiahace and building a tree modeling the statements
provides similar properties of flexibility and retargeting egting It produces a set of modules corresponding to the
typically reserved to high level programming languages. Ity o qware bound architectural units (coprocessors) with
fact, it is possible to map the VIS code onto different targefyeir communication interfaces. The VHDL code generator



performs a depth-first scan of the tree representing thgrocesses.
OCCAMII structure and produces two output files: the first The algorithm we implemented, given the set of
contains the entities declarations with the correspondingrocesses constituting the sw-bound part of the system,
behavioral description while the second is a packagdetermines a schedule (whenever it exists) such that each
containing all the proceduresecessary to realize the process is activated after its release time and carries out its
communication among processes. computation before its deadline. Even though the exact
Since channels are not supported by VHDRId, hoc timing characteristics of system components and events
fully hardware interface structures covering both bufferedsometimes cannot be predicted, we overcome such a
and unbuffered communication have been introdyéed problem by using a worst case estimation of these

15]. parameters so that the scheduling algorithm can guarantee
. a predictable behavior.
3. The software scheduling strategy The methodology we adopted to obtain the pre-run time

schedule is based upon a systematic improvement of an

The software system is designed according to th@itial schedule until a feasible (near optimal) schedule is
reference architecture that is itself strongly influenced irfound. The analysis of the VIS code corresponding to each
terms of programming paradigm and hardware by theoftware-bound part allows the VIS scheduler to consider
application field and the cost/performance goals. Theach software process characterized bgleasetime, the
run-time support provided in TOSCA has been keptdurationand adeadline which can be broken into a set of
minimal and includes only those features that are actuallpode segments. An analysis of the internal composition of
needed to support exception handling, configuratiorthe process provides the start time of each code segment
control, communication management and processelative to the beginning of the process it belongs.
activation, chosen during the customization phase. ThExclusion relations may be present among segments when
operating system micro-kernel actually acts as a high-levedome of them must avoid interruption by others to prevent
process manager whose evolution is controlled by @ossible errors caused by simultaneousess to shared
deterministic algorithm, with synchronization amongresources, e.g. data structures, 1/O devices, coprocessors.
processes or with the environment (i.e. the coprocessors Brecedence Iations, that occur when a segment requires
external devices connected to the system). some information produced by other process segments, are

Since the current target architecture considers just oraso considered.
microprocessor, concurrency is emulated through The scheduler produces an ordered set of code segments
interleaving of processes, each corresponding to ailfilling deadlines and constraints (if they exist) where the
software-bound part of the system modularization, whostateness of all segments is minimized. The context
ordering is statically defined, i.e. a pre-runtime schedulewitching overhead has been considered by including an
has been adopted. This solution has been chosen becaasilitional delay to the purely computational time. To
high processor utilization is foreseen to reducecharacterize the software running onto the microprocessor,
implementation costs, therefore not much spare CPU timspecific information is produced by the scheduler by
is available. As a consequence, a solution able to guaranteespecting the final schedule produced: the level of process
a priori that all the stringent timing constraints will be fragmentation and the relative overhead, the slack time,
met, seems to be the only viable. We found manghe CPU utilization and, in case of non feasible schedule,
advantages of this solution compared to the presence of &éme critical segments responsible of the algorithm failure.
on-line schedule policy{16], such as the significant The details of the implemented scheduling algorithm
reduction in the share of run-time resourcesessary to can be found ifil5)].
implement context switching and the scheduling itself, but .
the most important is that it is easier to satisfy our primarg. The VIS-based software synthesis
goal of meeting the real-time deadline.

Software-bound processes, that are viewed as a set of The VIS is defined in terms of a customizable and
sequential cooperating threads with shared memory similarthogonal register-oriented machine with a common
to a coroutine scheme, are constituted by operations thatdress space for both code and data. This means that each
must be executed in a prescribed order. The number ofgister can act as accumulator and all the operations (e.g.
processes is known in advance, and it will never changaddressing, arithmetic-logic, data transfer) can be
run-time. This implies that the operating system does ngterformed no matter which register is used as operand.
require a dynamic scheduling since the scheduling policyhe instruction set has been designed in order to be easily
can be computed off-line antbde-wired Therefore, the retargeted onto different CPUs: a mix of CISC and RISC
solution proposed requires only a small operating systerypical instructions are included. A generic VIS instruction
providing the mechanisms for process activation and thean either be one-to-one mapped on a native target
communication support. assembly instruction or correspond to a group of assembly

In general, two classes of processes can be preseimstructions. In such a way, if the selected CPU does not
periodic whose computation is executed repeatedly in anatch the VIS instruction, the retargeting of the code is
fixed amount of time andasynchronous that usually performed via an alternative definition of the instruction
consist of computations responding to an event (internal arsing only the RISGide of the VIS, thus reducing the
external). Different and more general techniques foeffort to reconfigure the software whenever alternative
mapping asynchronous processes onto an equivalent set@PUs are evaluated.
periodic processes can be found in [17], therefore we The VIS supports unsigned/signed integer data types
considered only the problem of scheduling periodicBIT, BYTE, INT16 or word and 32-bits integer called



longword as well as all typical arithmetic/logic operations.

consumption, the pin-out of the microprocessor, the

The address space spans over 32 bits so that each VIS particular characteristics of the adopted model of

argument is always contained within a longword. The
memory format for the data is aligned in terms of 32-bits

microprocessor with respect to the rest of the CPU
family, such as, for instance the memory size.

words, as a consequence four memory locations are The first step is the compilation of the OCCAMII
necessary to store a byte. Boolean variables can be packgskcification in VIS, Although the entire system
to save memory space. L specification will not probably be implemented in software,
The instruction format is similar to the one of thethe estimation of the VIS performance and cost is initially
MC68000 with a suffix indicating the operand type, e.g.carried out for all the OCCAMII modules composing the
MOVE.B R1, R2 copies a byte fronR1 to R2. The  description. The obtained result is employed during the
number of arguments of each VIS instruction ranges frorgystem  partitioning to compare/drive  alternative
0 to three. Control instruction are usually characterized byhodularizations and hardware vs software bindings. The
zero operands, while three operands instructions argbtained code is not executable since the following
typically  arithmetic-logic  operations  such  as decisions have yet to be taken: register mapping, process
SUB.WRO,RL,R2 where the RO and R1 are the scheduling, system bootstrap, memalipcation including
operands an&2 will contain the result. Botllestination  symbolic vsactual address determination.
andsourcecan be registers or memory referencsi(ce A pre-allocation of the register to extract execution
can also be an immediate operand). _ times and memory requirements is performed according to
~ The generation of the VIS code as well as the finathe information included within the technology file. The
implementation of the software running on the target/|S code is then annotated with the information needed by
microprocessor follows the phases depicted in fig.1. Threghe scheduler to produce a correct ordering of the processes
main steps compose the top part of such an activityexecution, by adding some bracket-encapsulated tags. A
initialization, code generation, estimation of time delayssimple example of VIS compilation for a sub-part
and binary code size. (Hamming encoder) belonging to a car antitheft system
that we use as a small benchmark, is here reported. The
example is composed of a process receiviaig. drom the
channeldataln  where two parallel sections allow the
system to compute the Hamming encoding of the input to
be transmitted on theéataOut channel (see fig.2).

OS code VIS errors
compiler report

e
— =)
file allocator VIS code I
= — -

Timing
> heduler
constrain schedule

assembly’ retargeting annotated
code VIS

Figure 1. The software generation process.

report on
schedule

cosimulation|

At the beginning the system is initialized by reading
from a technology file the information characterizing the
selected CPU, e.g. the clock period, the instruction set, the
registers number, type and size of the registers, the number
of clock cycles per instruction, etc. The code generation
involves registers use optimization and automated packing
of bit variables. The estimation of timing performance and
memory requirements for back-annotation towards the
system design exploration phase can be obtained for
several possible microprocessor cores. In fact, its actual
behavior is represented by the following three groups of
information (for each foreseen CPU):
retargeting rules (RR): specifying the rules for mapping
VIS code onto the target microprocessor instruction set;
time/size table (TST): reporting for each VIS
instruction the number of clock cycles and bytes of the
corresponding target CPU mapping (which, in general,
is not composed of a single instruction).

technology (TF): containing information on the
adopted CPU as the BUS width, the power

EITOR c8 BITDR <10

c9.c10.2111

|F-:!Hln-thiﬂﬂlrmnu: ] Unec |23 utl?l

Figure 2. The textual part of a sub-module of a car
antitheft system containing the description of a
Hamming decoder captured by using the TOSCA
OCCAMII visual editor.

The VIS code maintains a structure similar to the
original OCCAMII model: the body of each process is
identified through the<process> and </process>



tags while concurrent processes (corresponding to the PAR
construct of OCCAM) fall within the scope ofgroup>
identifier.

As reported above, the scheduler may require to break

the processes to meet time deadlines; as a consequence, it

is necessary to consider the impact of additional
context-switching overheads. The scheduler performs such
an analysis by considering tk&/SE Regs-List> and
<LEAVE Regs-List> tags which represent,
incrementally, the registersecessary to be saved at any
point in time. Critical sections, corresponding to
non-breakable actions such as an interrupt handling, are
enclosed within<atomic> </atomic> to prevent a
possible preemption.

Data transfer from software to hardware and viceversa
is modeled via memory-mapped coprocessor registers,
associated with each port. In this example, the 12-bits
channel has been mapped onto a 16 bits word
corresponding to a pair of contiguous memory locations.

/IPROC HammingEncoder (CHAN OF BYTE inChannel, CHAN OF [12]BIT outChannel)

... similarly for ¢2, b3, c4, c5, ¢6, b7, c8, c9, c10 ...

move.w 0001h,R1 <226>

and.w R1,R0 <112

<use R2>

move.b @b1(BP),R2 <24 4>

shlw #1R1 <112

and.w R1,R2 <112

or.w R2,R0 <11 2><free R2>

<use R2>

move.b @c11(BP),R2 <24 4>
shlw #1R1 <112
and.w R1,R2 <11 2><free R1>

or.w R2,R0 <11 2><free R2>

<five RO></process 59 84 122>

floutChannel | dataOut

I

<process>
<atomic><live R0> /fin this case atomic it is not

[factually necessary

move. | outChannelR1 <22 6>
call write_int <246> /ldataOut is yet in RO
</atomic>

</process 4 6 12>

<ports> ret <2 2 2><five none>
inChannel <fcode>
outChannel <process>
</ports> <atomic><live none> /Inot necessary
<data> move.| inChannelR1 <22 6>
/IBYTE dataln: call read_byte <246> flresult in RO
dataln defb 0 move.b RO,@dataln(BP)<2 4 4> /Isave in R1
/MM2]BIT dataQut: </atomic>
dataOut defw 0 <Jprocess 6 10 16>
/IBIT b0,b1,b3,b7: IPAR
b0 defb 0 <group>
b1 defb 0 /Ic2 := dataln[0]
b3  defb 0 <process><use R0>
b7  defb 0 move.b @dataln(BP),R0<2 4 4>
JBIT ¢2,¢4.¢5,c6,68,69,c10,¢11: and.b 01h,RO <12 4>/fresult in RO
2 defb 0 move.b RO,@c2(BP) <2 4 4><free RO>
¢4 defb 0 </process 5 10 12>
cd  defb 0 L
6 defb 0 .. similarly for c4, c5, ¢6, c8, c9, c110 ....
c8  defb 0
09 defb 0 11 = detal7]
c10  defb 0 <process><use R0>
oft  defb 0 move.b @datain(BP),R0<2 4 4>
<Jdata> andb 80h,RO <124>
JsEQ <code> move.b RO,@c11(BP) <2 4 4><free RO>
< >
/linChannel ? dataln 42;23?: 21012
/IPAR
<group> Figure 3. VIS code corresponding to the Hamming

/b0 := c2 BITOR ¢4 BITOR ¢6 BITOR ¢8 BITOR ¢10
<process><use R0>

move.b @c2(BP),R0O <24 4>
orb @c4(BP),RO <24 4>
orb @cB(BP),RO <24 4>
orb @c8(BP),R0O <24 4>
orb @c10(BP),RO <24 4>
move.b RO,@b0(BP) <2 4 4><free RO>

<Jprocess 12 24 24>

... Similarly for b1 and b3 ...

/b7 = c8 BITOR ¢9 BITOR c10 BITOR ¢11
<process><use R0>

move.b @c8(BP),R0O <24 4>

orb @c9(BP),RO <24 4>

orb @c10(BP),RO <24 4>

orb @c11(BP),RO <24 4>

move.b RO,@b7(BP) <2 4 4><free R0O>
</process 10 20 20>

</group>

/ldataOut := [b0,b1,c2,b3,c4,¢5,¢6,b7,c8,c9,c10,c11]
<process><use R0>
move.b @bO(BP),RO <24 4>
<use R1>

decoder of fig.2.

Timing characterization is also performed with a fine
granularity to improve the freedom of the scheduler to
choose the point where to break processes. The left-most
tags of each VIS instruction contain the computation of
<min-delay max-delay bytes> where the first
two items are the delays to execute the operation according
to the target CPU andytes is the corresponding
memory occupation. Up to now, according to the most
common types of embedded system microprocessors,
effects concerning pipelined instruction execution or
parallel fetch have not been considered. For an analysis on
how these issues can be managed for DSP apiphs, see
[12].

During software synthesis, processes as well as the
operating system microkernel are directly assembled into
VIS code. As reported above, the software system is
composed of processes and of a kernel basically operating
as a context “switcher”. although no sophisticated



mechanisms for memory protection

are necessaryhe software as one of the figures of merit driving the

particular attention has been devoted to the softwareo-design activity.

section responsible for communication by adoptdehoc

solutions to suit each specific circumstance. Our softwar6. References
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