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Abstract

SystemC-Plus from the ODETTE project provides the ability to simulate and synthe-
siseobject-oriented speci cations into hardware. The current ODETTE compiler translates
ead object instance into a nite state machine; this e®ectively duplicates (modulo dead
code removal) in hardware the methods of a classfor eah of its instances. We describe
an alternativ e synthesis approach which parallels the software implementation of objects in
which instance attribute valuesare stored in (registers or) memory and routed, on use,to a
per-classimplementation of methods. Interestingly, this technique can be seenas mapping a
classlibrary into an ASIP (application-speci ¢ instruction set processor)whoseinstructions
correspond to public methods of the library. The ODETTE-syn thesisable OO features cor-
respond to an ASIP architecture with instructions only having direct addressing. We then
show how to extend the synthesisable subset of ODETTE to include object instances ad-
dressedby pointer asis commonin software. This correspondsto adding indirect addressing
modesto the ASIP and highlights di®erenceshbetween software and hardware understand-
ing of the notion of object. We view the ODETTE approac and our ASIP approad to
OO hardware designas two extremesof a spectrum of designpoints in between,trading o®
concurrency against area/power consumption. This work is part of the ODYSSEY (Object-
oriented Designand sYntheSiS of EmbeddedsYstems) project and intro ducesthe OO-ASIP
asthe systembuilding block in ODYSSEY.

1 Intro duction

VLSI designersare (and will cortinueto be) facing a\quadruple whammy": more transistors per
chip, harder to designtransistors and interconnect in deep sub-micron technologies, more het-
erogeneouslemerts on the samesilicon, and tighter time-to-market deadlines[Aug02]. Hence,
chip design, synthesis, and manufacturing is cortin uously getting harder, more expensiwe, and
more time-consuming. An application-speci ¢ instruction processor(ASIP) addresseghis since
it is tailored to a set of target applications and hencecan be manufactured in larger volumesto
reducethe unit price, while allowing programmability through softwareto shrink time-to-market
and ameliorate designrisk. This risks additional costsof lower performanceand higher areaand
energy consumption when comparedto ASICs. To minimise this risk, a v e-step disciplined
methodology to ASIP dewvelopmert is suggestedby the MESCAL project [MESO3], proposing
disciplined benchmarking, de ning the architectural space,e+ciently describingthe spaceto be
explored, exploring the designspace,and exporting the programming environment [Keu02).

On the other hand, the still-growing design productivit y gap [ITRS01] motivates higher ab-
straction levelsto increasedesignerproductivit y. Object-oriented methodology is one answer to
this challenge especially when consideringits already-gainedreputation in software designand
observingthat software designroutinely accourts for 80 percen of embedded-systemslevelop-
ment cost [ITRSO1].



We stay in the 5-step discipline of MESCAL, but we proposea new view of instructions
in instruction-set-based ASIPs resulting in assaiating the ASIP, which we call an OO-ASIP,
with a classlibrary. This correspndenceencouragesOO-ASIP reusewherever its correspond-
ing classlibrary is reused. Selectedmethods of the classlibrary form the ASIP instruction-
set, enabling the designerto control granularity of ASIP instructions accordingto his insight
and expertise in the target application domain. Seweral previous works exist addressing OO
hardware designand/or synthesis by extending VHDL [Rad00, Ash97, Sth95, synthesis from
Java [Kuh01, You98 Hel97], and C++/SystemC [GriO2b]; howewver, none of them involve an
ASIP approach. Wolf [Wol96] used designer-pravided decomposition hints (objects and meth-
ods) in OO speci cations to partition and co-syrthesisean OO model on a distributed engine
of heterogeneougprocessors.By cortrast, we usethose ideasalso within processors.

The system-lewel building-blo cks we currently useare objects of a C++ classlibrary, which
we call the \system classlibrary" tailored to the set of target applications. Somebasis classes
and methods of this \system classlibrary” (hardware classes and methods) are synthesisedasthe
instruction-set of the OO-ASIP, while the other classesand methods areimplemented in software
to run on the OO-ASIP (the software classes and methods). Our prototype implementation
translates C++ to SystemC for the hardware partition. This enablesC++ to be used as the
system-designanguageand then preprocessorsorvert parts of it to either hardware or software.
It is noteworthy that our emphasisis on the OO methodology, and not merely on the C++
language; therefore, we do not concern ourselves with all special casesthat can arise from
arbitrary use of C++ features|see Section5. C++, SystemC, and hardware synthesis from
SystemC are enabling technologiesthat we employ to painlessly implement our ideas.

In the rest of this paper, we rst introduce our approach to corresponding an OO-ASIP to a
classlibrary. Then in Section3 we show how such an ASIP is synthesisedfrom a\hardw are class
library" . Interesting synthesisablefeaturesthat the scheme enablesare presered in Section 4.
System-designlanguage and co-designissuesare discussedin Section 5, and nally Section 6
summarisesand concludesthe paper.

2 The OO-ASI P Approa ch

An object-oriented classlibrary can be seenas providing accessto various (public) operations
on instancesof classedrom that library. The operations (methods) e®ectiely de ne an abstract
data type. A user of such a classlibrary will repeatedly provide an instance of such a classand
invoke one of its public methods possibly with argumerts; this returns an instance of the same
or another classafter possibly invoking other operations internally.

We wish to identify this processwith that of machine code instruction execution. The above
user now corresponds of a stream of instructions ead having operands identifying argumens
and results, and whose execution implemernts to the relevant method invocations. This work
realisesthis corresppndenceby mapping a classlibrary (the \hardw are classlibrary") into an
ASIP. Further, by consideringclassical CPU operations on integer and °oating point valuesas
prede ned classesand methods (add, subtract, multiple, comparisonand the like) the ASIP can
alsoprovide traditional CPU functionality. Similarly, ead classcan be seenashaving prede ned
operations to allow (attribute parts of) object instancesto be input and output from external
buses|this can be done in serial, parallel or via the more sophisticated IIOP protocol from
CORBA [CORO03].

Now, supposewe have a larger classlibrary, which we supposeto consistof a\hardw are class
library" extendedby further classde nitions (the \software classlibrary"). The hardware classes
can be therefore seenasde ning the ASIP and the software classesas being a program for it. A
diagrammatic form of this partitioning is shavn in Fig. 1 where, for simplicity of presenation,
the metaphor is that of a single Te containing a marker betweenclassde nitions separatingthe



hardware and software parts.*

code origin program source target partition
built-in class int { /* predefined */ }; | hardware

class A{ ... } (hardware classlibrary)
user-provided | class B { ... h

class C{ ... } software

class D{ .. h (software classlibrary)

Figure 1: Sourceseparation versustarget partition

Firstly, let us consider what happensif the classlibrary provides a single pudic method,
main() taking no input parameters (implying it is static) and giving no output results. This
correspondsto the only instruction, which canthereforebe codedin zerobits and henceis always
executed. Sud a library therefore directly correspondsto an ASIC|the program is xed, all
that variesis the data. Now considerthe generalcase;we may provide seweral pudic methods,
e.g.for various IP padet manipulations, eat of which correspondsto an instruction. Therefore
what we have designedis an ASIP. Now supposethat main() is not a hardware method and we
add further software classesand that theseinclude a main() method as entry point. Methods
in such later classeseither call eat other (this just correspondsto an ASIP software function
call) or call hardware methods (this just correspndsto an ASIP single instruction). Hencethe
ASIP contains primitiv e instructions corresponding to:

2 hardware methods (each operand is given by an operand speci er which is an object
identi er (oid), asabove int /float is a special case).

Note that so far theseonly use\direct addressing"operand format; an object is speci ed
by an oid. Note that direct addressinghere is not restricted to addressablememory]|
operands may equally well be speci ed as a processorspecial purposeregister (obtained
by routing) or a register or memory location obtained by register- le addressingor RAM
addressingmecanisms.

2 traditional subroutine call and return (to invoke software methods), cortrol °ow (if-then-
else, loop, jump), and move instructions (to passobjects by value to non-inlined proce-
dures).

Approac h to HW/SW Partitioning and Co-design.  Looking at the above ASIP approac
alittle more clearly givesthe following interpretation: all methods de ned in the\hardw are class
library" are synthesisedinto hardware (the details are given in Section 3). Public?> methods
are assaiated with instructions, whereasnon-public onescan be more highly optimised across
function boundaries e.g. by inlining. \Software methods" are then translated into a sequence
of instructions represening method calls, and thus are the software for the ASIP, for example
stored in °ash ROM. What we have achieved is a form of closdy coupled hardware/software
designin which syntactically identical code can be translated into either hardware or software.

One issuehere is that hardware and software tend to have rather di®eren views on object
represertation (seeSection5 for more details); hardware tends to passobject instancesaround
by value, copying them from register to register whereassoftware tends to avoid the overhead

!Note the connection between the hardware and the software partitions; the partitioning function may be
given in any suitable way, such as by keeping software and hardware methods in separate les, by annotations on
methods specifying their category etc.Jw e do not really concern ourselveswith this issue here.

2It is arguable we might want a method to be public so that other hardware-implemented classescan use it,
but not have it assaiated with an instruction. This would argue for an additional keyword, but for simplicity in
the paper we just assaiate public with \b eing assaiated with an instruction" .
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Figure 2. ASIP internal structure for a sample classlibrary (classB is derived from class A
while rede ning its f () method and introducing g() method.)

of copying them (from RAM to RAM) by keepingthem in a certral memory addressedby a
pointer. The ASIP designmethodology presered above is capableof going beyond the ODETTE

synthesisablefeatures by allowing variables and attributes to take pointer type. This requires
the addition of registers capable of holding pointer values (integer registers may as usual be
reusedfor this purpose)and an indirect addressingmode to allow instructions to take operands
from RAM memory locations. This allows a closer t betweenhardware and software (clearly
hardware designhersneedto be aware of the serialisationvia RAM accesdorcedby using pointers,
emphasisingto use objects not pointers in hardware.)

3 Synthesising an OO-ASI P

In this paper we focuson synthesisof the OO-ASIP from a given\hardw are classlibrary" . Design
of such a classlibrary canbe addressedoy the MESCAL disciplined benchmarking [Aug02]. The
internal architecture of the OO ASIP is shawn in Fig. 2. The parts in dark grey are those that
depend on the \hardw are classlibrary" or the software application. Other parts are invariant
and comprisea template for the OO-ASIP. Hardware-class-library-degendart parts are inserted
into this template to build an OO-ASIP tailored to the application domain corresponding to the
\hardw are classlibrary" .

Instruction  Encoding. A \method-call" instruction consistsof an opcode and one or more
operands,which respectively correspond to the called method, called object, and call parameters.
The important point in instruction encaling is that a virtual method and all its rede nitions
must share a common opcode; otherwise it contradicts dynamic-binding becausethe methods
will be statically distinguishable. For example,if classB is derivedfrom A, and B :: f () overrides
A :: f (), they both must havethe sameopcode of (say) OF . This canbe simply doneby traversing
the \hardw are classlibrary" and assigninga new opcode to ead rst-e ver introduced method.
The methods rst introducedin \soft ware classlibrary” will have no hardware courterparts and
henceusetraditional subroutine call instructions for invocation.

T he Metho d Invocation Unit (MIU). The MIU readsin instructions, executestraditional
control-°0 w ones, and realisespolymorphism by dynamic-binding of method-call instructions.
Fig. 3 shows our prototype MIU implemerting a subset of the JVM (Java Virtual Machine).
It uses,asin JVM, the invokevirtual  bytecode for \metho d-call" instructions|lines 15 to



26. After dynamic-binding (lines 19-21; detailed in Section 4.1), the MIU either invokes the
appropriate hardware module that implements the method and waits for its completion (line
22), or calls the corresponding software routine (lines 23-26).

1 SC_MODULE(miu_module) {

2 sc_in_clk clk; sc_in<bool> reset;

3 /I Other declarations and definitions: Ports, parameters, variables, and signals
4

5

void main() {
6 method_id mid; object_id oid; class_id cid; fu_id fu; opcode_type opcode;
7

8 pc=0; ... /l OO-ASIP RESET state
9 while (1) { /I Normal operation

10 opcode = instrmem[pc++];

11  switch(opcode) {

12 case IF_ICMPEQ : if (stack[sp-1] == stack[sp]) pc = pc + instrmem[pc]; else pc++; sp-=2; break;
13  case IADD : stack[sp-2] = stack[sp-1] + stack[sp]; sp-=2; break;

14 .. /I Any other JVM instructions

15 case INVOKEVIRTUAL: /I Method invocation (may be dispatched to either hw or sw)

16 mid = instrmem[pc++];

17 oid = stack[sp];

18 /I Polymorphism realisation

19 cid = OTTJoid];

20 fu=VMT [cid]{mid];

21 if (fu.ishw) /I Method is in hardware

22 activate_fu(fu.fuid, oid);

23 else { /I Method is in software. 'fu.fuid’ shows its starting address
24 stack[sp+1] = pc; stack[sp+2] = oid; sp+=2;

25 pc = fu.fuid;

26 } break;

27  default: exception_handling("Unsupported opcode:");
28 } /I switch (opcode)

29 wait(); // will wake-up in next clock cycle

30 }  // while(1)

31} /I main()

32

33 SC_CTOR(miu_module) {

34 SC_CTHREAD(main, clk.pos());

35 watching(reset.delayed()==true);

36
37} // miu_module

Figure 3: SystemC code fragmert for the MIU.

Functional Units. Each pulic method of the \hardw are classlibrary” is implemented as a
Functional Unit (FU). Unlike traditional processorsead FU can be active in the sensethat it
can contact the OMU{see below{whenever required to accessndividual object elds.

When the MIU sendsthe commandsignalto an FU in Fig. 2, the FU is provided with the oid
of the object to work on, along with other operandsof the instruction. Whenewer required, the
FU can call another method via the MIU (port instruction  of the MIU in Fig. 2). Recursive
calls involving hardware methods are not allowed.

An FU needsto have an interface to the MIU to get invoked, take its method parameters,
and return valuesif any. It alsoneedsan interface to the OMU to read and write object elds.
A sample SystemC SC_MODULE template for an FU is shovn in Fig. 4. The FU incremeris
the rst 32-bit data eld of the object (line 14) when the MIU sendsthe STARTcommand
(line 12). Obviously, the MIU interface varies depending on number and type of argumerts of
the corresponding method. The C++ code of the hardware method de ned by the designeris
modi ed by a preprocessorand inserted in such a SCMODULE template. The preprocessing
converts method calls to appropriate SystemC code to invoke the MIU, and also replaces eld-
accessstatemerts to corresponding OMU communication in SystemC. The processedcode is
then inserted in a template such as normal-font lines in Fig. 4, resulting in an FU in SystemC.

To synthesisesuch an FU we rely on behavioural synthesis technology. Obviously, eady FU
can also be hand-optimised for better synthesis results; however, we build up our approad on
behavioural synthesisto leveragecurrent synthesistechnology, while our OO synthesis approad
adds new features|see Sectioon 4|not accessiblein behavioural modelling. We currently use
Synopsys SystanC Compiler ¢ ; hence, the C++ code of a hardware method is expected to
conform to the SystanC Compiler synthesisablesubset.

The Object Managemen t Unit (OMU). The object data is stored in OO-ASIP registers
or in main memory. The OMU is responsible for syndironising FUs accessto these shared



SC_MODULE(sample_fu) {
/I Declarations and definitions: Ports, parameters, variables, and signals
sc_in_clk clk; sc_in<bool> reset;

"Ji Definition of OMU-access routines
sc_int<32> OMU_read(object_id, index_type) {...}
void OMU_write(object_id, index_type, sc_int<32>){...}

OCONOUTRWNE

void main() {

10 status = RESET;

11 while() {

12 if (command == START) {

13 status=STARTED;

14 OMU_write(oid, 0, OMU_read(oid, 0) + 1); //actual method functionality
15 status=DONE;

16 }if

17 wait();

18 M/ while

19 SC_CTOR(sample_fu) {

20 SC_CTHREAD(main, clk.pos());
21 watching(reset.delayed()==true);
22

23}, Il sample_fu

Figure 4. SystemC code for a typical FU corresponding to a method with an int argumert.

resources.lIt also provides a locking mechanism for on-demandatomic updates by ead FU. It
is designer'sresponsibility to usethis facility wherever required; the preprocessoror synthesiser
is not to ched race conditions. To acceleratedata accessthe OMU implements cacdesper FU
and takescare of their coherency The OMU SystemC code only dependson the number of FUs
and is generally OO-ASIP-invariant.

4 Synthesis Features

Many OO features (such as templates, abstract classes,and the like) are e®ectiwely done as
preprocessingby C++ and hencewe assumethem supported with no e®ort as long as essetial
OO0 featuresof polymorphism, dynamic method dispatch, and special casescausedby hardware
implementation are supported.

4.1 Polymorphism

Polymorphism implies dynamic type chedking of the called object to nd out the method that
corresponds to the instruction. This is done by the MIU through two tables: OTT and VMT .
The Object Type Table (OTT) shaws current class membership of all objects available in the
system, i.e. an oid ! cid (classidenti er) mapping. In software realisations, this is normally
stored as a (hidden) tag in the object attribute storage. We hold this inside the OO-ASIP for
higher performance,but this is not particularly important here.

The Virtual Method Tale (VMT) isamatrix containing an entry for ead classof the system,
and for ead pulic method, designatingits corresponding FU. Hence, it is a mapping function
of type (cid;mid) ! (FUid). Naturally, the row of a derived classis identical to its immediate
parent exceptfor its overriden and newly intro duced methods.

The MIU consults the OTT to nd out the cid of the called object, and then maps the
(cid; mid) to an FUid through the VMT . The resulting FUid is not necessarilya hardware
unit but may point to the starting addressof a software routine; however in either case, it
is the appropriate method of the called object and is invoked accordingly, e®ectiely realising
polymorphism.

It is worth consideringhow the virtual method dispatch medanism works asthe sourceand
destination of the call vary between hardware and software implementation. Non-virtual calls
are just a special casewhere we know the implementation format of the callee.

First assumeall actual argumerts are put on a stack beforeead method call. This provides
the samemedanism for parameter passingirrespective of the caller and calleebeingin hardware



or software. Given a software caller, i.e. a software method f() which invokesa call obj.g() , g's
argumerts are pushedon the stack. The g componert of the VMT (we assumethe destination
classto be A) for obj is then extracted. This is then (according to a tag bit) either interpreted
as a software method (in which casethe call e®ectsa traditional branch-and-link instruction) or
as a hardware method in which it e®ectsan OO-ASIP instruction A::g . The samewould hold
for a hardware caller.

Now assumeregistersare usedinstead of a stadk to gain higher performance. For a software
caller, the scenariois the same as above, but the parameters are placed in assumedregisters
al, ..., an. Given a hardware caller, with notation as above, a hardware destination just
correspondsto the activation of the appropriate FU as above (and the movemert of argumerts
to the callee'sinput register). A software destination is more tricky asthe call argumerts (held
internally in the caller's FU) must be routed to the input registers(al, ..., an as above) for

a0 -

It is worthy of note that the register-basedcalling scheme above meansthat ead method
declaration (and all its overriding instancesli.e. a mid) usesa common set of argumert regis-
ters, but separatemids use separateargumert registers. This simpli es the software/hardware
interface for presenational purposes;in practice we would seekto usea single set of argumernt
registers (cf. procedurecall on MIPS or ARM), but doing sois more complicated and puts ad-
ditional requiremerts for a software calleeto save argumert registers before using a hardware
instruction which could use a software method. This is not a concernwhen using a stack for
parameter passing.

Overriding Hardw are by Software. Polymorphism allows the designerto uniformly view
and treat all objects of a certain classand all its derivatives,and rely on the run-time virtual-
method binder to invoke the appropriate method. Apart from the above abstraction not provided
by other modelling and synthesis technologies, sud as behavioural modelling and synthesis,
polymorphism enablesoutdated or malfunctioning hardware parts to be replaced by software
implementations requiring no changein hardware. This also allows post-manufacturing repair
of chip designsthat are found to have somedesignerrors. Sudc designswould otherwise need
a very long redesignand remanufacturing cycle which could result in loss of part or even the
whole market window in today's rapidly shrinking time-to-market. The MIU in our OO-ASIP
is capableof dispatching the virtual methodsto software, and hence,the designeronly needsto
use objects with overriden correct methods.

4.2 Pointer Synthesis

The ASIP synthesis methodology we presen is capable of going beyond the ODETTE [Gri02b]
and OASE [Kuh01] synthesisableconstructs by allowing variablesand attributes to take pointer
type. The integerregistersin the OO-ASIP can hold object addressesnd henceprovide pointers
to objects. This is also required for polymorphism as we follow the C++ approad to polymor-
phic objects, which implies having a pointer to a baseclass.

4.3 Dynamic Object (De)Allo cation

Many researters have implemented objects as hardware modules. Obviously, this implies an
inability to dynamically (de)allocate objects unlessa recon gurable hardware platform is ex-
ploited. Breaking an object to a separate data-storage and an operations engine, and routing
the data to the engineon demand, (as donein software implementations of OO models) allows
usto only needto dynamically (de)allocate the storage,and not the engine,when (de)allocating
objects. This storage can be either in internal OO-ASIP registers or the memory (trade-o®



betweenaccessspeedand capacity) while the managemen can be donein hardware or software
(trade-o® between (de)allocation speed and hardware complexity). However in any case,to
(de)allocate objects the OTT, VMT, and OMU mappingtable needto be accordingly updated.

4.4 Recursion

As in ODETTE, not all classhierarchies can be synthesisedas hardware [Gri02b]. For example
a recursive method for factorial might well be acceptablein a software partition but not as
hardware. The well-formednessrule we currently imposeis: no cycle in the call-graph contains
a hardware method (otherwise valuable state would be lost). Note that we can cope with \soft-
ware calls hardware calls software" and also\hardw are calls software calls (di®erert) hardware"
not involving recursion (and hencebounded) by techniques similar to those employed to allow
multiple levels of interrupt in hardware.

4.5 Dynamic OO-ASI P Evolution in Hardw are

Incorporating some FPGA blocks inside the chip enablesdynamic ewolution of the OO-ASIP
to include more method implementations and hence new classesin the sameway as it could
ewlve through software. This implies new hardware ports in the MIU and the OMU which
can be pre-manufactured for a pre-determined degreeof expandability. Other than con guring
the FPGA, only the VMT needsto be updated (as in ewlution-by-software) to re°ect method
implementations for the new classes.

5 Language Design Issuesand OO-ASI P Co-Design

We have preseried this work from a C++ perspective; while this o®erscertain expressivity
advantages,seeminglyharmlessearly designdecisionslater favour implementation of componerts
either as hardware or software. Particular problematic aspects we wish to identify are (i)
name visibilit y, (ii ) passingof object valuesto and from methods (including aliasing issuesand
particularly the “this ' pointer), and (iii ) concurrency

Name visibilit y. Firstly, let us obsene that C++ is well-adapted to describing statically
allocated storage and operations on it (this substartiates our claim earlier that the int and
float valuesmay be consideredasbuilt-in classes).For examplea 2-addressinstruction-format
integer CPU could be e®ectiwely described by

class Int { private: word32 bits;
public: void add _r(Int v) { this->bits  += v.bits; }
public: void add_k(word32 k) { this->bits +=k; }
public: wvoid sub_r(int v) { this->bits -= v.bits; }
Il etc etc

}
Int r0, r1, .., r31;

merely assuminga type of 32-bit data words and writing +=, and -= not ascode, but to summarise
the intended e®ect. In this framework typical assenbly language instructions might well be
expressedasr8.add_r(r7); instead of the equivalent traditional add r8,r7 .

It is tempting to believe that writing C++ in suc a style transfersdirectly to hardware and

software componerts of an OO-ASIP, but the boundary betweenhardware and (later developed)
software meansthat the “whole program' is not available at time of OO-ASIP synthesis. Let us



take the above integer CPU asa concreteexample. In ODETTE the whole program is available
to the compiler and therefore, by whole-programanalysis,we can nd all the usesofr0, ..., r31
and hencegeneratee®ectiely one data-path for ead user; we can alsoinline-expand operations
like r8.add_r(r7); sothat r8 can be implemented as a simple register and does not have to
be addressableas would otherwise be required by the implicit address-takingimplied by C++'s

this pointer. By contrast, in our OO-ASIP approac the software classesare in general not
available at the time the hardware classesare to be synthesised. Hencethere is no restriction
on software classes,for example, taking the addressesof statics r3 and r4 and then passing
them to a method which updates one or the other. This is highly undesirableasit would mean
that our simple static variablesr0, ..., r31 must be allocated to addressablememory instead
of simple registers just in case software took their address. One partial solution would be to
maker0, ..., r31 to be private membersof Int ; however this then meansthat the instruction

form r8.add_r(r7);  would not be expressible,and instead only multiple parameterlessstatic
methods could be used, asif class Int were of the form:

class Int { private: static word32r0, rl, .., r31;
public: static void add r8 r7() { r8 +=1r7; }
public: static wvoid sub r1 r7() {r1 -=1r7; }
Il etc etc

}

This is actually areasonablesolution from the hardware synthesisperspective, in that parameter-
lessand result-lessstatic methods only require a single-bit wire for their activation. Howevwer,
rather than requiring such extreme styles to be selectedby wholescalecode changes (which
prejudgesthe hardware/software choice) it would be desirableto havea ner granularity manner
in which to expressusageconstraints on a class,for example an\exp ort-to-software-for-reading-
only" pragma for a variable. Overall, what we need is a design °ow which allows “vanilla'
object-oriented designsto be coded naturally, with separate directives or embedded pragmas
which transform betweenstyles optimised for hardware and those optimised for software.

Object Aliasing. The secondissueconcerning C++ arisesfrom its programming language
heritage, and particular aliasing. Aliasing (allowing one object to be accessedy two or more
references)is a natural way of providing multiple accesse$o an updatable object in software;
however from the hardware point of view it tendsto imply at least multiplexers and in generala
RAM:-lik e addressingstructure with the concomitart sequetialisation. To a very large extert,
useof aliasing is built into C++ at the fundamental level, in that the implicit this argumert to
a method is of pointer type (and therefore many objects are implicitly address-talen, and thus
risk being allocated to RAM-lik e storage instead of registers). We might refer this to passing
this by reference. Howewer, there is an alternative view of objects (stemming badk at least
to Hoare's seminal work [Hoa7d). There a method updating an object createsa new object
which can be passedbadck to the caller: this is similar to the ideas of passing parameters by
value or resultjthe familiar in, out or inout choice. This can often be more e®ectiwe at the
hardware level in that a smallish object can residein registersand merely be copied from one
to another, instead of being addressable. Clearly, at the extremes both hardware and software
prefer to passsmall objects by value, and large objects by reference.One problem with C++ is
that it forcesearly selectionbetweenthesemodesand indeed favours call-by-referencesbecause
of the this model. Considera systemwhich performs pipeline-style operations on an object. In
software we would probably placethe object in memory and passa referenceon to ead stage;in
hardware we would generally prefer to passthe object betweenstagesby value. In work related
to this project Ennals, Sharp, and Mycroft [Ena03 considera type systemwhich allows objects
to be passedalong a pipeline safe from potentially concurrert aliased access. To summarise,



again what we needis a design°ow which allows “vanilla' object-oriented designsto be coded
naturally, and then specialisedwith a single pragma instead of early binding.

A further languageissuearisesabout polymorphism and our requiremert to be able to add
further software classesafter the OO-ASIP has been designed,particularly if we wish to pass
objects by value. Assumea classhierarchy

class A { virtual void m(); .. }
class BBA{ ... }
class CB{ ... }
class DIA{ ... }

In the C++ by reference interpretation of this , all variants of m() (either in classA or overriding
versions)will require a pointer to the invoking object. The pointer will remain constart in size,
but the sizeof object it points to will vary (accordingto classA, ..., D but will sharea common
layout for initial segmetts; asis well-known from software, this is not problematic. Now consider
passingan object to or from m() by value. In ODETTE's SystemC-Plusa value type which can
hold all values of classesinheriting from classA is denoted PolyObject(A) . In ODETTE the
whole program is known, sothe number of bits required to hold a value of PolyObject(A) is just
the largest size of any classwhich inherits from A In our OO-ASIP setting in ODYSSEY, this is
not suxcient, in that arbitrarily large software classesmay later inherit from A What we need
is a linguistic form which allows a variable to have type of (say) classA B, Chut (say) not class
D nor of any other classinheriting from these. (This might be appropriate for someinternal
queue of elemerts of type A B or C) Thus we need the expressienessto say, for example,
PolyObject(A-C) . Note that Java's keyword final is not what we want; this stops inheriting
from a classaltogether|jwhat we want is just to constrain the valuesreaching a particular piece
of hardware.

Concurrency . The third issue,which we have rather avoided in this OO-ASIP preseration
so far, is concurrency. Clearly hardware is potentially very concurrert, but C++ is a very
sequetiial language with the language de nition specifying very precisely the serialisation of
various operations (see\sequence point"). The conmbination of hard-to-analyse aliasing and
very speci ed serialisation meansthat it is very hard to extract signi cant concurrency from
C++ programs; worse still a small source change can produce a large changein the result of
any \available concurrency" analysis. Yet again what we needis a design °ow which allows
concurrert “vanilla' object-oriented designsto be coded naturally, and then specialisedwith a
single pragma (e.g. sequettialise for software, or run concurrertly for hardware methods) instead
of early binding of object oriented conceptsto temporal ordering.

Ideal language requiremen ts. To conclude this section, let us emphasisethe need for
a design °ow from a high-level object-oriented design at a UML-lik e level, principally to a
software/hardware-neutral algorithmic designlanguage. This languagemay contain pragmasor
other localised directives to indicate hardware or software implemenrtation, but not the who-
lescaledistributed information which would be encourtered in a C++ or HDL represenation;
it should be directly mappableto C++ or an HDL in a way which distributes the information
automatically rather than in the courseof program dewelopmert. Speci ¢ aspectsin which the
software/hardware-neutral language should di®er from C++ are additional speci cation tech-
niques for: visibilit y, aliasing and sequencing/concurrency



6 Summary and Conclusion

The main thrusts of this paper are rstly to identify a classlibrary with an ASIP; secondlyto
showv how a larger (hardware+software) classlibrary can be partitioned into an OO-ASIP and
a program for it; and nally to detail the correspnding synthesis and discussissuesin hard-
ware/software co-designimplied by the OO perspective. We have described a novel approach to
synthesising object-oriented models which enablesobject-oriented hardware/software co-design
with close coupling between the hardware and software parts. This is done, for the rst time
to the best of our knowledge, by synthesising an object-oriented ASIP from the \hardw are class
library" of the OO model. Practical bene ts include:

2 enabling the hardware to ewolve through software. This enablespost-manufacturing over-
riding of outdated or faulty-designedhardware by correct software implementation.

2 providing an invariant platform capable of realising additional applications modelled with
the \hardw are classlibrary" from which ASIP was synthesised. System design by sucd
ASIPs seemto be the philosophy of choicein the near future [Keu0QZ2)].

2 using a single linguistic framework (C++/SystemC) for both hardware and software com-
ponerts throughout the systemdesign°ow, thereby simplifying late-in-the-design-process
allocation of methods into hardware or software.

We wish to view our ODYSSEY ASIP approadc asoneextremein implementing OO models
in hardware; we use only one implemertation per method. The other extreme would be the
Radetzki and ODETTE approad of implemerting N modulesfor N objects in the system. We
obsene that the ODETTE approac o®ershighest possibleconcurrencyin inter-object method
invocations, but alsocausessigni cant areaoverhead. On the other hand, ours usesthe minimum
area, but sadly implies sequernial method invocation. Betweenthesetwo extremes,there is a
spectrum of design points where the number of method implementations can vary from 1 to
N for N objects in the system. We obsene that the optimum answer is often somewherein
this designspaceconstrained by the available concurrencyin the OO model, and the available
area on the chip (or power allowed to dissipate). Exploring this design spaceis our next step
in OO hardware design and synthesis. The architecture we currently ervisageis a network of
OO0-ASIPs eat handling a subsetof all objects in the system.

We alsointend to extend this work to OO designof embedded systemswhere software is an
essetial componert. Programming the OO-ASIP is henceof high importance. Currently, we
have chosena very small subsetof the JVM and have implemented it in the MIU to execute
general software as well as method-call invokevirtual  instructions. As work under investiga-
tion and developmenr, we intend to customisethe GCC-3.1 compiler-suit support for picoJava
processor[Sun03 to our subsetof the JVM.

This is the rst milestone, introducing OO-ASIPs as the building block, of the work in
progressin the context of the ODYSSEY project [ODYO03].
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