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[57] ABSTRACT

A hardware and software co-design environment and design
methodology based on a data-model that allows one to
specify, simulate, and synthesize heterogeneous hardware
and software architectures from a heterogeneous specifica-
tion. The environment and methodology of the invention
allow for the interactive synthesis of hardware and software
interfaces. The environment defines primitive objects to
represent a specification of an essentially digital system. The
primitive objects are defined by describing the specification
of the system in one or more processes, each process
representing a functional aspect of the system. Further, each
of the processes have ports which are connected to ports of
other processes with a channel. The ports structure commu-
nication between the processes.
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1

DESIGN ENVIRONMENT AND A DESIGN
METHOD FOR HARDWARE/SOFTWARE CO-
DESIGN

2

design process of such products and systems. However,
constraint is that for reasons of cost-effectiveness and time-
to-market, there is a need to increase design productivity by
at least an order of magnitude. Yet another constraint is that

This application claims benefit of provisional application 5 re-use of designs as well as a design for re-use methodology
60/019,867 filed Jun. 17, 1996 and provisional application will have to be adopted. This methodology implies
60/006,012 filed Oct. 23, 1995. hardware/software co-design at several levels of implemen-

tation.
BACKGROUND OF THE INVENTION J. Buck et al. in “PTOLEMY: A framework for simulating

1. Field of the Invention 10 and prototyping hete.rogengous systems” (International Jour-

K X . . nal on Computer Simulation, January 1994) focus on an

The present invention relates to a design environment and ¢ nvironment for hardware/software co-simulation. The pro-
a design method for hardware/software co-design. More posed methodology only allows for hardware/software
specifically the hardware/software co-design of this inven- co-design of systems based on a data-flow algorithm.
tion comprises the specification, synthesis, and simulation of 15 pyrthermore, hardware/software interface synthesis is not
heterogeneous systems. supported.

2. Description of the Related Technology U.S. Pat. No. 5,197,016 discloses a computer-aided sys-

Digital communication techniques form the basis of the tem and method for designing an application specific inte-
rapid breakthrough of modern consumer electronics, wire- grated circuit (ASIC) whose intended function is imple-
less and wired voice- and data networking products, broad- 20 mented both by hardware subsystems and software
band networks and multi-media applications. Such products subsystems. The proposed methodology only allows for a
are based on digital communication systems, which are  single processor design and is only valid for specifications
made possible by the combination of VLSI technology and ~ based on a state transition diagram. The hardware/software
digital signal processing. co-design of systems based on a heterogeneous specification

Digital systems perform real-time transformations on 25 s not supported.
time discrete digitized samples of analogue quantities with S. Narayan, F. Vahid, and D. Gajski. in “System specifi-
finite bandwidth and signal to noise ratio. These transfor- cation with the SpecCharts language” (IEEE Design & Test
mations can be specified in programming languages and of Computers, pages 6—13, December 1992) disclose a
executed on a programmable processor or directly on appli- methodology that builds on VHDL. The methodology does
cation specific hardware. The choice is determined by trade- 39 ot support the hardware/software co-design of systems
offs between cost, performance, power and flexibility. Hence based on a heterogeneous specification.
digital systems are a candidate par excellence for hardware- P. Chou, R. Ortega, and G. Borriello. in “Synthesis of the
software co-design. hardware/software interface in microcontroller-based sys-

In contrast to analogue processing, digital processing 35 tems” (Proceedings of the IEEE International Conference on
guarantees perfect reproducibility, storage and testability. Computer-Aided Design, ICCAD 92, pages 488-495,
Signal quality is a matter of exact mathematical operations. November 1992) show a method for hardware/software
The price paid is the cost of hardware and the performance interface generation for microcontroller based systems. This
needed to satisfy the hard real-time character. This problem method assumes that the user determines the software inter-
is now solved by the abundance of digital VLSI (Very Large W facing such as the communication with drivers before the
Scale Integration) technology which provides for cheap start of the system synthesis task.
storage and high speed computation. Therefore, the combi- Neither of the prior art solutions provides a design envi-
nation of VLSI technology and digital processing has made ronment based on a data-model that allows one to specify,
possible the breakthrough of modern consumer electronics, simulate and implement or synthesize heterogeneous
portable and personal communication, broadband networks, 45 hardware/software implementations starting from a hetero-
multi-media, and automotive applications. geneous system specification. In the following paragraphs of

The design process of the products for these applications this section an analysis is made of the characteristics of
is subject to a number of constraints. A first constraint is that specifications of such heterogencous systems.
they must be implemented in silicon or another hardware In the strictest sense digital systems are algorithms map-
platform for power, performance and cost reasons. Asecond 5o ping digital signals into digital signals in real-time. The
constraint is that these products implement systems con- real-time constraint is determined by the repetition period of
ceived by a highly specialized system team thinking in terms the algorithm for consuming an input frame and producing
of executable concurrent programming paradigms which, anew output frame. The periodicity of this constraint and the
today, are not well understood by hardware designers. Hence nature of the signals leads to the fact that the elementary
most specifications are first translated into English and then ss algorithm is a data-flow function.
redesigned in a specific hardware description language such A synchronous data-flow (SDF) algorithm can be mod-
as Very High Speed Integrated Circuit (VHSIC) Hardware eled as an acyclic graph where nodes are operators and edges
Description Language (VHDL) or VERILOG for the hard- represent data-precedences. This graph is called a data-flow
ware components and a software description language such graph. An operator can execute when a predetermined, fixed
as Cor assembler for the software components. Although the 6o number of data (tokens) are present at its input and then it
hardware and software have tight interaction, both hardware produces one or more output data (tokens). Conditional
and software are designed separately. Only after system selection of two operations to a single output is allowed.
assembly, are the software and hardware run together. As a Operators have no state but arrays resulting from one
consequence, the design can be far from optimal or even algorithm execution can be saved for reuse in future execu-
erroneous, making a redesign cycle mandatory. 65 tions (delay operator). Many digital processing algorithms

This gap between system design and implementation is
rapidly becoming the most important bottleneck in the

are of this type. They can be described very efficiently by
so-called applicative programming languages like SILAGE.
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In contrast to SDF algorithms, dynamic data-flow (DDF)
algorithms contain data-dependent token production and
consumption. They allow for while and if-then-else pro-
gramming constructs.

4

nated system can be described as a Program State Machine
(PSM), which is a hierarchy of program-states, in which
each program-state represents a distinct mode of computa-
tion. Formalisms such as StateCharts or SpecCharts, which

Computer-Aided Design (CAD) environments for digital 5 include behavioral hierarchy, exception handling and inter-
systems such as DSP-Station of Mentor Graphics, process communication modeling are needed to describe
PTOLEMY, GRAPE-II of COSSAP all allow for specifica- such systems. In practice, very often synchronization is
tion of SDF and DDF and use as much as possible static specified in one or more concurrent C programs.
scheduling to provide simulation speeds that are up to two 5) Digital systems contain both high and low data-rate
orders of magnitude faster than event driven simulators such 10 blocks in the signal path. High data-rate blocks are synthe-
as in use for VHDL. This justifies the use of these simulation sized directly in hardware. Low data-rate blocks are candi-
paradigms for digital system specification and validation. dates for implementation on programmable processors.

However, when we consider digital processing systems in Hence, digital systems are natural candidates for hardware/

the broad sense, a wider scope is necessary as illustrated in software co-design.
FIG. 1 which is an abstraction of many practical implemen- 15 From the above it follows that digital systems require a
tations of digital processing systems. A careful look at FIG. combination of data-models for their specification. Specifi-
1 allows us to identify five common characteristics of digital cation languages are tightly coupled to these data-models,
processing system specifications as follows: paradigms, simulators, and synthesis tools.

1) Digital systems typically comprise one (or more) signal ,o  Nowadays, the dominant specification language of the
paths 1 as well as slow control loops 2 and a reactive control digital system designer is C or a DFL for the main signal
system 3 taking events 4 of a slow environment such as a path whereas FSMDs and PSMs are usually described in a
user interface (UI) § and slow status information 6 of the Hardware Description Language (HDL). For the description
signal paths as inputs to control the mode or parameters of of communication channels and communication protocols
the signal paths. 55 Other formalisms such as timing diagrams, Extended Signal

2) A signal path 1 is usually a concatenation of data-flow Transition Graphs, and Communicating Sequential Pro-
functional blocks (DFBs) 7, such as h1, h2, . . ., L2, often cesses must be considered. A CAD system for digital sys-
operating at fairly different data- and execution-rates and tems must be able to encapsulate all these paradigms and
transforming the format of the data. The rate and format there associated languages and design environments.
differences naturally result from operations such as: fre- ;;  Digital systems design thus requires the ability to mix
quency down- or up-conversion, bit to symbol modulation, data-flow and reactive paradigms with widely different time
data-compression and error correction coding. When these constants. The difference in time constants between control-
DFBs operate on unfragmented signal words, they can best and data-flow poses special problems in simulation. It
be specified as data-flow algorithms (e.g., in SILAGE, requires all processes to be simulatable at the highest
data-flow language (DFL), or C). Others that manipulate ;5 possible abstraction level.
in'di.vidual bits of .the signals can be directly specified as Not only the specification of a digital system is hetero-
Finite State Machines with Data paths (FSMD) at VHDL  geneous by nature. Also the implementation architecture of
register transfer or behavioral level. Hence the §peciﬁcation a digital system is heterogeneous. An example implemen-
format depends on the type of data-flow functional block. tation architecture comprises the following types of compo-

3) DFBs in the signal path are internally strongly inter- 49 nents and the communication between these components:
connected data-flow graphs with sparse external communi- programmable processors.
cation. HCI](F?, from an implementation viewpoint, they are application specific processors with hardwired controller.
seldom partitioned over several hardware or software com- . . . .. .
ponents. Rather they will be merged onto the same compo- app.hcatlon specific processors with specialized instruc-
nent if throughput and rate constraints allow. Merging 45 tion set.
implies sequentializing the concurrent processes on a single hardware accelerators
component while still satisfying the timing constraints. This micro controllers
requires software synthesis encapsulation techniques of communication blocks and memory
single thread compilers to allow real-time scheduling of peripherals (DMA, UART, and so forth)
concurrent processes. 50  Thus, a design method for a digital system must bridge the

4) Control loops and mode control by parameter setting gap between the heterogeneous specification of the system
are common to almost all digital processing systems. For and its heterogeneous implementation. Today’s synthesis
example, all digital communication systems have tracking tools and compilers allow us to synthesize or program all the
and acquisition loops to synchronize frequency and phase of processor-accelerator-memory components once the global
the receiver signal path 1 to the characteristics of the 55 system architecture has been defined. However, the avail-
incoming signal. Design of these loops is one of the most ability of these component compilers is necessary, but not
difficult tasks since their characteristics depend strongly on sufficient. What is needed are the models and tools to refine
noise and distortion properties of the communication chan- the functional specification of a system into the detailed
nel. It involves the design of phase-locked loops, delay- architecture: the definition and allocation of the components
locked loops, and fast Fourier transforms, controlled by 60 and their communication and synchronization. The most
“events” disturbing the regularity of the signal streams. The essential step is to generate the necessary software and
occurrence rate of these events is orders of magnitude hardware to make processors, accelerators, and the environ-
slower than the data-rate in the signal path. Hence, similar ment communicate.
to the UI, the processes modeling these slow control loops One of the keys to mastering the complexity of digital
and mode setting have no data-flow but reactive semantics. 65 system design is the reuse of components. The design

They run concurrently with the data-flow and often consist
themselves of concurrent processes. Such a control domi-

process for a digital system must allow the modeling of
reusable components and support a design for reuse meth-
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odology which allows to design components that are easily
reusable. The problem in reusing previously designed com-
ponents lies in the fixed communication protocols they use,
which necessitates protocol conversions when processors
with different protocols have to be interfaced. Nowadays,

6

A clear separation between functional and communication
behavior is required to allow to reuse designs.

Processor independent interface synthesis is essential.

SUMMARY OF THE INVENTION

5
the selection of a protocol is done while designing the . . . .
component: functioflal and communication behgavio% are Adesign methodolc?gy and a design environment meeting
intrinsically mixed. However, a good selection of the pro-  the above-stated requirements for a hardware/software sys-
tocol is possible only when all components involved in the tem co-design environment is disclosed in the present appli-
communication are known. Therefore, a design environment cation. A hardware/software co-design environment and
for digital systems has to allow that a component is initially design methodology based on a data-model that allows one
described in purely functional terms. Later, when the com- to specify, simulate, and synthesize heterogeneous
ponent is (re)used in a system, the design environment must hardware/software architectures from a heterogeneous
allow to plug in the most appropriate communication behav- specification is disclosed. The environment and methodol-
ior. This approach is in contrast with current hardware ogy of the present invention are based on the principle of
(VHDL) design practices, where communication and func- 15 encapsulation of existing hardware and software compilers
tional behavior are mixed. and allow for the interactive synthesis of hardware/software
Another key to mastering the complexity of digital system and hardware/hardware interfaces.
design is by means of ,mOdl,llar.Hy' In. modular deSIgpS’ .the It is a first object of the present invention to disclose a
complete system functionality is sph} 1nto communicating database compiled on a computer environment, adapted for
components of manageable complexity. The advantage of 20 b table proerams on the enviromment for
this approach is that the components can be reused and that access by executa prog
the system is easier to adapt and maintain. The disadvantage generating the 1mplemcntat%0}1 F’f an hetérogcneoys essen-
is the overhead because of the inter-component communi- tially thltal system, comprising a plurality O.f objects fep-
cation or because the compiler does not optimize over the resentlpg as‘pegt‘s of ﬂ?e digital syste‘m wherein Fhe qb]ects
component boundaries. Therefore, the inter-component ,g5 COMPIISC primitive ob]gcts representing the sPec1ﬁcat10n of
communication semantics should be such that modularity the digital system and hierarchical objects being created by
can be removed easily when merging two components into the executable programs while generating the implementa-
a single component. tion of the digital system, the hierarchical objects being
In the past, a lot of effort has been put in design envi- refinements of the primitive ObjCCtS and having more detail
ronments that allow to implement the components of a and preserving any one or all of the aspects to thereby
digital system. Languages with associated simulators, tuned ~ generate the implementation of the digital system; relations
towards Speciﬁc apphcation domains, allow to Spccify and in between the primilive objecls and in between the hierar-
simulate components at a high abstraction level. Hardware chical objects and between the primitive objects and the
compilers can implement the component description into hierarchical objects; and functions for manipulating the
processors with highly specialized architectures. Software ., objects and the relations.
compilers permit the generation of machine code for off- In an aspect of the present invention, the implementation
the-shelf programmable processors. Instruction set simula- is a simulation of the digital system. The simulation can be
tors permit the generation of debug the machine code at a multi-abstraction level simulation, the multi-abstraction
different levels of abstraction (C, asm). Examples of such level simulation comprising substantially simultaneous low-
design environments are Cathedral-1/2/3, the ARM proces- 49 level and high-level simulation, or the simulation can be a
sor tool suite (C-compiler and the ARMulator), and the multi-platform simulation executed on a plurality of
Synopsys synthesis tools. From the above it can be con- computers, or the simulation can be a hybrid simulation
cluded that the components of digital systems can be imple- comprising substantially simultaneous hardware implemen-
mented with off-the-shelf design environments. What is tations and computer simulations.
missing is the glue that links these design environments ,.  In another aspect of the present invention, the implemen-
together and automatically interfaces the generated or off- tation is a heterogeneous implementation comprising hard-
the-shelf processors according to the system specification. ware subsystems and software subsystems, the software
Hence, a system design environment should allow the easy subsystems being executed on one or more of the hardware
inclusion of exisling design environments. It should provide Subsys[cms. The hardware Subsystems Comprise any one or
synthesis tools for hardware/hardware and hardware/ 5o more of processor cores, off-the-shelf components, custom
software interfacing that are processor and design environ- components, ASICs, processors, and boards. The software
ment independent. To achieve this, the specification method subsystems comprise machine instructions for the hardware
must allow the modeling of off-the-shelf components on an subsystems.
as-is basis. . . In another aspect of the present invention, the specifica-
In summary, the following requirements can be defined .o yjon j5 a heterogeneous specification comprising a plurality
for a hardware/software system design environment. of behavioral and structural languages.
Modularity being essential to master complexity, but the In another aspect of the present invention, the aspects
overhead should be minimal and removable. comprise any one or more of functional, communication,
Different description languages are needed to allow each concurrency and structural aspects of the digital system. The
system component to be described with the most appro- 6y objects representing the functional aspects comprise any one
priate paradigm. or more of host language encapsulations, threads, and con-
The design environment must be able to model the text. The objects representing the communication aspects
heterogeneous conceptual specification, the resulting comprise any one or more of ports, protocols, channels, and
heterogeneous architecture and all refinement steps in context. The objects representing the concurrency aspects
between. 65 comprise host language encapsulations and threads. The

Off-the-shelf components and the associated design envi-
ronments need to be modeled.

objects representing the structural aspects comprise any one
or more of host language encapsulations, ports, channels,
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and instances. The functional aspects and the communica-
tion aspects of the specification are split into first primitive
objects representing the functional aspects and second
primitive objects representing the communication aspects.

8

tion between the encapsulated simulators, compilers,
hardware components, hardware subsystems and software
subsystems.

In an aspect of the present invention, the design environ-

The first primitive objects are host language encapsulations 5 ent further includes means for creating processor models
and the second primitive objects comprise ports, protocols, of the hardware components as objects in the database, the
and channels, where one port has one protocol. The ports are models comprising software models representing the soft-
connected by channels, the communication between the ware views on the hardware components and hardware
ports over the channels is conducted according to remote- models representing the hardware views on the hardware
procedure-call semantics. The second primitive objects are 10 components. The design environment further includes
refined into second hierarchical objects for adding imple- means for creating I/O scenario models of the ports as
mentation detail to the communication behavior of the objects in the database, the I/O scenario models representing
second primitive objects. The concurrency aspects are inter- the implementation of the ports on the hardware
process concurrency aspects and intra-process concurrency components, the implementation comprising software
aspects. The communication aspects are intra-process com- 15 subsystems, hardware subsystems, and processor models
munication aspects, Infer-process communication aspects  with connections therebetween. The implementation of the
with remote-procedure-call semantics, and inter-process communication between a first software subsystem and a
communication aspects with a hierarchical protocol. The first hardware subsystem results in the first software sub-
intra-process communication occurs between threads of a system with a first port being replaced by a second hardware
single process by shared variables in the context. The 20 gybsystem with a second port, where the first port and the
inter-process communication with remote-procedure-call second port represent an essentially identical communica-
semantics occurs between a slave thread of a first process tion. The design environment further comprises means for
and a thread of a second process according to remote- selecting I/O scenario models for the ports of the first
procedure-call semantics, wherein the database includes software subsystem; means for combining the software
process merging functionality whereby the inter-process 25 subsystems of the selected I/O scenarios; and means for
communication with remote-procedure-call semantics combining the hardware subsystems of the selected 1/0
between a plurality of processes is removed by merging the scenarios. A first I/O scenario model represents the connec-
plurality of processes. The inter-process communication tion of the first port to the second port, the connection
with a hierarchical protocol occurs between a thread of a first comprising a connection of the first port to the software
process and a thread of a second process according to the 30 subsystems of the I/0 scenario model, connections of the
semantics of the hierarchical protocol. software subsystems of the I/O scenario model to the
It is another object of the present invention to disclose a software model, connections of the hardware model to the
design environment, compiled on a computer environment, hardware subsystems of the I/O scenario model, and a
for implementing an heterogencous essentially digital connection of the hardware subsystems of the I/O scenario
system, comprising a database compiled on the computer, 35 model to the second port. The I/0 scenario models comprise
adapted for access by executable programs on the computer any one or more of memory mapped I/O scenarios, instruc-
for generating the implementation of the heterogencous tion programmed 1/0 scenarios, and interrupt based I/O
essentially digital system, comprising a plurality of objects scenarios.
representing aspects Of the ,dlgltal system wherein t.he It is another object of the present invention to disclose a
objects comprise primitive objects representing the specifi- 40 method of specifying an heterogeneous essentially digital
cation of the digital system and hierarch‘ical objecl§ being system, the specification having hardware and software
grealed by tbe exccutable programs while generating _the aspects, comprising the steps of describing the system in a
1mplcment_at1on of the digital system, the .hlerarchlp al plurality of processes, each process representing a functional
objects being refinements of the primitive objects, having aspect of the system; defining ports and connecting the ports
more detail and preserving any onc or all of t_he. aspects 1o 45 yip channels, the ports structuring communication between
thereby genrate the implementation of the digital system; the processes; and defining communication semantics of the
and further comprising relations in between the primitive orts by a protocol
objects and in between the hierarchical objects and between P . yap " . . .
the primitive objects and the hierarchical objects; and further It is yet another ob]ecl of the present lnvention to dlS.CI(.)SC
comprising functions for manipulating the objects and the 50 a method of expl(?rmg.an hete{ogeneous essentially digital
relations; means for specifying the heterogeneous digital system, the speplﬁcatlon having ha.rd.w are and spﬁwgre
system comprising a plurality of behavioral and structural aspects, comprising the steps of describing the specification
languages; means for simulating the heterogeneous digital of the system ma plurality of processes, each.process
system comprising a plurality of simulators for the behav- representing a functional aspect of the system; defining ports
joral and structural languages; means for implementing the 55 and connecting the ports with channels, the ports structuring
heterogeneous digital system comprising a plurality of com- communication between the processes; defining communi-
pilers for the behavioral and structural languages; means for cation semantics of the ports by a pro.loc.Ol; allocating one or
allocating hardware components for an implementation of more hardware components; and assigning 1he processes to
the heterogeneous digital system; means for assigning hard- the hardware components, thereby partitioning the system.
ware subsystems and software subsystems of the heteroge- 6o In an aspect of the present invention, the method further
neous digital system to the hardware components; means for includes the step of repeating the definition, allocation and
implementing the communication between the software sub- assignment steps until an optimal partitioning of the speci-
systems and the hardware subsystems, one of the aspects of ~ fication of the system is obtained.
the communication being represented by ports; and means It is still yet another object of the present invention to
for encapsulating the simulators, the compilers, the hard- 65 disclose a method of making an implementation of an

ware components, the hardware subsystems and the soft-
ware subsystems, thereby creating a consistent communica-

heterogeneous essentially digital system, comprising the
steps of defining a first set of primitive objects representing
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the specification of the digital system, which comprises the
steps of describing the specification of the system in one or
more processes, each process representing a functional
aspect of the system, where the process are primitive

10

FIG. 5§ is an illustration of the process merge transforma-
tion of the exemplary primitive objects shown in FIG. 3.

FIG. 6 is a flowchart of a specific embodiment of the
implementation process for hardware/software co-design

objects; defining ports and connecting the ports with 5 according to the method of FIG. 2.
channels, the ports structuring communication between the FIG. 7 is a schematic representation of the functionality of
processes, where the ports and the channels are primitive the hardware/software interface generation for the imple-
objects apd one process has one or more ports; defining mentation process shown in FIG. 6.
communication semantics of the ports by a protocol, where . . . .
the protocol is a primitive object. The method thereafter 10 FIG,’ 8isa SCh? matic representation of a particular I,/ 0
creates hierarchical objects that are refinements of the primi- scenarlo modelgd in the database according to the generation
tive objects and have more detail, while preserving aspects process shown in FIG. 7.
of the communication semantics. FIG. 9. is a flowchart of a specific erpbodirpent of the
In an aspect of the present invention, the method further construction of a hardware/software co-simulation accord-
comprises the step of simulating the system. 15 ing to the n}ethod of FIG' 2. )
In another aspect of the present invention, the implemen- _FIG. 10 is a block diagram of a typical heterogeneous
tation comprises hardware and software subsystems of the digital system: a pager application.
system, where the software subsystems are executed on one FIG. 11 is a schematic representation of the pager
or more of the hardware subsys[ems' The method further application, introduced in FIG. 10, as described with the
comprises the step of generating a net list comprising the 20 present invention.
layout information of the implementation. The hardware FIG. 12 is a block diagram of the pager introduced in
subsystems include any one or more of processor cores, FIGS. 10 and 11, after application of the process merge
off-the-shelf components, custom components, ASICs, transformation an example of which was shown in FIG. 5.
processors, and boards. s FIG. 13 is a block diagram of the pager using the results
In yet another aspect of the present invention, the method of the transformation of FIG. 12, after the communication
further comprises the steps of allocating one or more hard- channels have been tagged with a specific communication
ware components, the components comprising program- behavior.
maple'processors and non-programmable processors; and FIG. 14 is an illustration of the introduction of specific
assigning the processes to the hardware components, where 30 communication behavior in the pager application shown
the processes assigned to a programmable processor are a between the correlator & noise estimator and the CMF &
software subsystem, and the other processes are hardware phase correction blocks of FIG. 13 by refining a primitive
§ubsyslems. Thg method further comprises the step of select- channel into a hierarchical channel.
ing I/O scenario models for the ports of the software . . . . .
subsystem thereby connecting the ports to the interface of FIG. 1.5 is an illustration of the 1mp} ementation of a
the programmable processor and connecting the interface of >> PrO¢ess 10 hardware for the pager application using the
prog p g ot P :
the proerammable processor to second porls. where the communication behavior introduced in FIG. 14, whereby the
prog p ports, .
second ports represent an essentially identical communica- resulting hardware subsystems are encapsulated to make
- - them communicate.
tion as the ports. The method further comprises the step of . . .
refining the channel in between a first and a second port of FIG. 16 shows the details of the encapgulatl(?n, ShOWU m
respectively a first and a second hardware component, where 40 FIG; 15; of the hardware subsystems in this particular
the first and the second port has an incompatible protocol, application.
thereby creating a hierarchical channel, where the hierar- FIG. 17 is an illustration of the generation of an exem-
chical channel converts the first protocol into the second plary hardware/software interface between a software sub-
protocol. The method further comprises the step of gener- system compiled on an ARM processor core and a hardware
ating a net list comprising the layout information of the 45 subsystem.
implementation. The hardware subsystems include any one FIG. 18 is an operational flowchart for one presently
or more of processor cores, off-the-shelf components, cus- preferred embodiment of the hardware/software codesign
tom components, ASICs, processors, and boards. The invention.
method further comprises the step of refining the channels in
between incompatible ports of hardware components, 50 DETAILED DESCRIPTION OF THE
thereby creating hierarchical channels. PREFERRED EMBODIMENTS
BRIEF DESCRIPTION OF THE DRAWINGS Adesign environment and a design melho.dology rr}eeting
. . . the requirements of modularity, encapsulation of different
_FIG. 1 is a schematic representation of a heterogeneous .o description languages, modeling from a heterogeneous con-
dlg}tal syslem comprising various spec1ﬁca110n paradigms, ceptual specification to a resulting heterogeneous architec-
which is the system to be designed using the hardware/  tyre and all refinement steps in between, modeling capabili-
software technique of the present invention. ties for off-the-shelf components and the associated design
FIG. 2 is a flowchart representing the method for  environments, separation between functional and commu-
hardware/software co-design of the present invention. 60 Dication behavior and processor independent interface syn-
FIG. 3 is an illustration of exemplary primitive objects in thesis is disclosed hereinbelow. This design environment is
a co-design database and the relations in between the called CoWare.
primitive objects. It is to be understood that the term concept refinement
FIG. 4 is an illustration of the exemplary hierarchical means converting or translating or transforming a specifi-
objects in the database and the relations in between the 65 cation of an electronic system into an implementation. This

hierarchical objects and between the primitive objects
shown in FIG. 3 and the hierarchical objects.

implementation can be an architecture of components that
has the same behavior as the specification or that executes
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the specification. The implementation can also be an added
development in the chain leading to a final implementation.
Adding detail means that an implementation is made more
specific or concrete as a result of an implementation decision

12

specification paradigms (data-flow, control-flow, and so
forth) can be combined.

Co-specification allows to describe a functional specifi-
cation based on the concept of communicating CoWare

on a previous level in the chain leading to a final imple- 5 processes.
mentation. To _detail can also mean adding a mater@al (?bje_ct An important concept of CoWare is that basically no
such as a specific component or a specific communication in distinction is made between co-simulation and co-synthesis.
between components, as opposed to an abstract aspect on a Both are based on the concept of refining the specification
previous level in the chain leading to a final implementation. for implementation, re-using existing compilers, emulators,
Othe.r instances of the concept refinement and of the concept 10 414 simulation processes.
detail are to be found hereinbelow. In refinement for co-synthesis the designer performs an
FIG. 2 shows the architecture of the CoWare system. The  jpreractive coarse partitioning of the specifications over a
CoWare system supports four major design activities: user allocated architecture. This leads to a merger of com-
co-specification 8, co-simulation 9, co-synthesis 10 and  ponent compiler consistent processes to be mapped on the
interface synthesis 11. The input is a heterogeneous speci- 15 same component. Component compiler consistent processes
fication of an electronic system, the output 12 may include have an encapsulation in the same host language. Merging
a net list for prior-art commercial tools for the generation of consists of in-lining the RPC calls between the processes
the implementation layout. This output preferably comprises  and leads to two subproblems: the mapping of the concur-
structural VHDL or Verilog and machine code for the rent threads in the processes on a processor re-using existing
programmable processors. 20 component compilers 14, 15, 16, 17, 18, 19 and the refine-
The CoWare design environment is implemented on top ment of the communication between processes into hard-
of a data model in which modularity is provided by means ware and software communication protocols that implement
of processes. Processes contain host language encapsula- it. The implementation of concurrent threads and intra-
tions which are used to describe the system components. process communication must be taken care of by using
Communication between processes takes place through a 25 Real-Time Operating Systems (RTOS), micro-kernels or
behavioral interface comprising ports. For two processes to software synthesis in case of programmable processors or by
be able to communicate, their ports must be connected with providing a library based communication protocol shell
a channel. The inter-process communication semantics is around the existing hardware synthesis tools. Refinement of
based on the concept of the Remote Procedure Call (RPC). the inter-process communication means again a refinement
The data model is hierarchically structured and allows the 30 of the primitive RPC communication by expanding the
refinement of channels, ports, and protocols into lower level communication ports into implementable protocols avail-
objects, and add detail. The most abstract object is referred able in a protocol library 20. It is also possible to assign
to as a primitive object. An object that contains more channel processes to abstract channels.
implementation detail than a primitive object is referred to In principle all of this is open to the user who can add his
as a hierarchical object. * own library for communication protocols. On the other
We first discuss the primitive objects. The hierarchical hand, CoWare provides in the SYMPHONY toolbox 21 a
objects are used to refine the communication behavior of the methodology for interface synthesis whereby every commu-
system and are discussed afterwards. nication channel is refined by selection of a communication
A process is a container for a number of host language ,, Scenario. In this way, automated synthesis of hardware/
encapsulations of a component. A single process can have hardware and hardware/software interfaces, including the
multiple host language encapsulations describing different generation of the software drivers in programmable proces-
implementations for the same component, or for the same sors is POSSiblf?- This is an essential part of hardware/
component represented at different abstraction levels. software co-design.
A host language encapsulation describes a component in 45 Aftcr the compilation of all components, all hardware is
a specific host language. Preferably C, C++, DFL, VHDL available as s}ructural “VHDL and all §oftware for the
and Verilog are supported host languages. A CoWare lan- Processors 1S 1n C which can be compiled on the h0§t
guage encapsulation is used to describe the system’s struc- compiler of the programmable components. The final step is
ture. In a CoWare language encapsulation, one can instan- to link al% the synthesis and hardware descriptions to drive
tiate processes and connect their ports with channels. Other sg commercial back-end tools to generate layout.
host language encapsulations comprise context and a num- In FIG. 3, the processes system 22 and subsystem 23
ber of threads. The context and thread contain code written contain a CoWare language encapsulation. The CoWare
in the host language of the encapsulation. The context language encapsulation of system 22 describes how it is
contains code that is common to all threads in the built up from an instance of subsystem 23 and an instance of
encapsulation, i.e., variables/signals and functions as s5 Process P4 (24). The processes P1(25),P23 (26), and P4 (24)
allowed by the semantics of the host language. As such, the each contain a C language encapsulation.
context provides for inter-thread (intra-process) communi- Ports are objects through which processes communicate.
cation. A primitive port is characterized by a protocol and a data
Each primitive CoWare process (symbolized by an ellipse type parameter. There is one implicit port, the construct port,
13 in FIG. 2) encapsulates concurrent program threads in a 60 1 Wwhich an RPC is performed exactly once at system
host language of choice. Concurrent threads communicate start-up.
over shared memory inside a process. Inter-process com- In FIG. 3, the process P23 (26) has two primitive ports p2
munication is over uni-directional channels using a Remote (27)and p3 (28), next to the implicit construct port.
Procedural Call (RPC) protocol. The reasons of this choice Protocols define the communication semantics of a port.
will be explained below. Notice that in this way heteroge- 65 A primitive protocol is one of master, in master, out master,

neous specification is supported: both hardware and soft-
ware aspects, structural and behavioral aspects, and different

inout master, slave, inslave, outslave, inoutslave. Each
primitive protocol indicates another way of data transport.
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The in, out, and inout prefix indicates the direction of the
data. The master, slave postfix indicates the direction of the
control: whether the protocol activates an RPC (master) or
services an RPC (slave). In the remainder of this text, ports
with a slave/master protocol are usually referred to as
slave/master ports.

In FIG. 3 master ports (29, 30) are represented by the
small shaded rectangles on a process’ perimeter. Slave ports
(27, 28) are represented by small open rectangles on the
perimeter. The data direction of a port is represented by the
arrow that connects to a port. In FIG. 3 port p1 (29) is an
outmaster port and port p2 (27) is an inslave port.

A protocol may further have an index set. The indices in
the index set are used to convey extra information about the
data that is transported. For example the primitive protocol
used to model the memory port of a processor will have an
index to model the address of the data that is put on the
memory port.

A thread is a single flow of control within a process. A
thread contains code in the host language of the encapsula-
tion of which the thread is a part. The code in a thread is
executed according to the semantics of the host language.
We distinguish between slave threads and autonomous
threads.

Slave threads are uniquely associated to slave ports and
their code is executed when the slave port is activated (i.e.
when an RPC is performed to the slave port). There is one
special slave thread which is associated to the implicit
construct port and can be used to initialize the process.

In FIG. 3 the process P23 (26) contains two regular slave
threads (31, 32) associated to the slave ports p2 (27) and p3
(28) respectively, next to the special construct slave thread
(33).

Autonomous threads are not associated to any port and
their code is executed, after system initialization, in an
infinite loop. In FIG. 3 processes P1 (25) and P4 (24) each
contain an autonomous thread (34).

A language encapsulation can contain multiple slave and
autonomous threads that, in principle, all execute concur-
rently.

A channel is a point-to-point connection of a master port
and a slave port. Two ports that are connected by a channel
can exchange data. Channels can be uni- or bi-directional. A
primitive channel provides for unbuffered communication. It
has no behavior: it is a medium for data transport. In
hardware it is implemented with wires. In software it is
implemented with a (possibly in-lined) function call. In this
way, primitive channels model the basic communication
primitives found back in software and hardware description
languages.

In the strict sense only point-to-point channels connecting
one master to one slave port are allowed. However, a person
skilled in the art, can easily remove this restriction to allow
channels connecting two master ports or two slave ports, or
to allow channels connecting multiple slave and master
ports. Such an extended description, can be transformed into
the basic model, by using a default or user-defined transla-
tion scheme.

In FIG. 3, there is a primitive channel (35) that connects
port pl (29) of process P1 (25) with port p2 (27) of process
P23 (26).

Communication always happens between two threads.
Communication between threads that are part of the same
process is denoted as intra-process communication. Com-
munication between threads indifferent processes is denoted
as inter-process communication.
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Intra-process (inter-thread) communication is done by
making use of shared variables/signals that are declared in
the context of the process. Avoiding that two threads access
the same variable at the same time is host language depen-
dent. It is the user’s responsibility to protect critical sections
using the mechanisms provided in the host language.

In FIG. 3, intra-process communication occurs in process
P23 (26).The variable tmp (36) declared in the context (37)
is shared by slave thread p2 (31) and slave thread p3 (32).

Inter-process (inter-thread) communication with a primi-
tive protocol is RPC based. On a master port, the RPC
function can be used to initiate a thread in a remote process.
A master port can be accessed from anywhere in the host
language encapsulation (context, autonomous threads, slave
threads) with the exception of the construct thread. The RPC
function returns when the slave thread has completed, i.c.
when all the statements in the slave thread’s code are
executed. In the slave thread (uniquely associated with a
slave port), the Read and Write functions can be used to
access the data of the slave port. The Index function is used
to access the indices of the protocol of the port. The RW bar
function is used on an inoutslave port to determine the actual
direction of the data transport. A slave port can only be
accessed from within its associated slave thread.

A bi-directional port can be used to both send and receive
data. However, according to the strict RPC semantics this
cannot be done by the same RPC call. In a single RPC call,
one uses the bidirectional port either in the input or in the
output direction but not in both directions. For a person
skilled in the art, it is easy to extend the strict RPC semantics
to full fledged function call semantics where arguments are
passed to a remote procedure and results are received back.

In FIG. 3, inter-process communication occurs between
processes P1 (25) and P23 (26) over the channel (35). When
the RPC statement(38)in the autonomous thread (34) is
reached, the value of the local variable data (39) is put on the
channel (35), and the control is transferred to the slave
thread p2 (31). The autonomous thread (34) is halted, until
the last statement of the slave thread(31) is executed. After
that the autonomous thread (34) resumes by executing the
statement (40) after the RPC statement (38).

By using primitive channels, ports, and protocols, the
designer first concentrates on the functionality of the system
while abstracting from terminals, signals, and handshakes.
Once the designer is convinced that the processes of the
system are functionally correct, the communication behavior
of the system can be refined. Communication refinement in
CoWare is carried out by making the objects involved in the
communication (channels,ports, and protocols) hierarchical.

Hierarchical channels are processes that assign a given
communication behavior to a primitive channel. The behav-
ioral interface of a hierarchical channel is fixed by the ports
connected by the primitive channel. Making a channel
hierarchical, can drastically change the communication
behavior of two connected processes. It can, for example,
parallelize (pipeline) the processes by adding buffers. The
one property that is preserved by making a channel hierar-
chical is the direction of the data transport.

In FIG. 4, the primitive channel (41) between processes
P1 (42)and P23 (43) is refined into a hierarchical channel
(44) with FIFO behavior. The FIFO hierarchical channel
(44) decouples the autonomous thread of process P1 (42)
and the slave thread associated with port p2 (45) of process
P2 (43). The effect is that the rate at which process P1 (42)
can issue RPCs is no longer determined by the rate at which
process P23 (43) can service the RPCs. The FIFO hierar-
chical channel (44) takes care of the necessary buffering of
data.

IPR2024-00476
Petitioner’s Exhibit 1004
Page 000027



5,870,588

15

Hierarchical ports are processes that assign a given com-
munication behavior to a primitive port. The behavioral
interface of the hierarchical port is partially fixed by the
primitive port it refines. The hierarchical port process should
have one port, which we call the return port, that is com-
patible with the primitive port. Making a primitive port
hierarchical, preserves the data direction (in/out). Two ports
are compatible if their primitive protocols are compatible, if
they have equal data type, and if they have equal protocol
indices. The following primitive protocols are compatible:

16

The goal of this transformation is to combine a number of
process instances, that are described in the same host
language, into a single host language encapsulation that can
then be mapped by a host language compiler onto a single
Processor.

In the process of merging, all remote procedure calls are
in-lined: each slave thread is in-lined in the code of the
thread that calls it through an RPC statement. Because of the
semantics of RPC communication, this transformation does
not alter the behavior of the original system, provided that

(master, slave); (inslave, outmaster); (inslave, inoutmaster); 10 care Is taken to avoid name clashes. The result of merging
(outslave, inmaster); (outslave, inoutmaster); (inoutslave, is a single host language encapsulation that contains a single
inmaster); (inoutslave, outmaster); (inoutslave,  context, a single construct thread, one or more autonomous
inoutmaster). Two hierarchical protocols are compatible if threads, possibly multiple slave threads to service RPC
their primitive protocols are compatible and they have the requests from external process (not involved in the process
same name. 15 merge transformation), possibly multiple RPCs to slave
In FIG. 4 we impose a certain data formatting for the data threads in external processes (not involved in the process
transported over the channel (41) between process P1 (42) merge transformation).
and the FIFO hierarchical channel (44). This is achieved by FIG. 5 shows the effect of merging the process instances
making the primitive ports p1 (46) and left (47) hierarchical. (25,26) in the subsystem process (23) of FIG. 3. The
The format process (48) that refines port p1 (46) might for 20 subsystem process (57) has a CoWare language encapsula-
example add acyclic redundancy check to the data that is tion. After merging the instances (58, 59), we obtain a C
transported. The unformat process (49) that refines port left language encapsulation (60) which is added to the sub-
(47) of the FIFO hierarchical channel (44) then uses this system process.
cyclic redundancy check to determine whether the received The benefit of merging processes is that the in-lining
data is valid. The actual data and the cyclic redundancy 25 (ransformation eliminates the overhead that accompanies
check are sent sequentially over the same primitive channel  execution of (remote) procedure calls. It further reduces the
between ports op (50) and ip (51). As a consequence, the number of concurrent threads and, therefore, the overhead
data rate between the format (48) and unformat (49)process that accompanies the switching between threads. Finally, it
is twice the one of process P1 (42). allows the host language compilers to optimize over the
Primitive protocols provide a classification of all hierar- 5; boundaries of the original processes.
chical protocols. A primitive protocol determines the com- The port and protocol hierarchy provides a clear separa-
munication semantics, but not the communication imple- tion between functional and communication behavior.
mentation: it does not fix the timing diagram used in the Traditionally, the description of a component contains both
commun}catlor}. Hlerar.chlcal protocols reﬁnfa primitive pro- functional and communication behavior in an interleaved
tocols Wlth a t.1rn1ng diagram and. the associated I/O termi- 35 way. When such a component has to be re-used, in an
nal§. H1§:rarchlcal pr(?tocols are hlgh 1§Yel models for alter- environment other than it was intended for, the designer has
native 1mplementat19ns ,Of a primitive PrOtO,COL they to change those parts of the description of the component
preserve both data direction and control direction of the that have to do with communication. In CoWare, a compo-
primitive protocol. . . nent’s behavior is described by a process that makes use of
To access the terminals of the hierarchical protocol, 2, RPC to communicate with the outside world. Such processes
hicrarchical port is introduced at the same time. The termi- — cyp be connected with each other without modifying their
nals can be accessed from within the thread code by using description (modularity). By using primitive ports and
the functions Put, Sample, and Wait. primitive protocols, the designer concentrates on the func-
In FIG. 4, the primitive protocol of the port (50) and ip tionality of the system while abstracting from terminals,
port(51) of the format (48) and unformat (49) process are 45 signals, and handshakes. Later, when the component is
refined into an RS232 protocol (52). In the RS232 hierar- instantiated in a system, the primitive protocol is refined into
chical port (53), an RPC (54) issued in the format process the best suited hierarchical protocol, taking into account the
(48) on the op port (50) is converted into manipulations of  other system components involved. This fixes the timing
the terminals (55) according to a timing diagram (56). diagram and terminals used to communicate over that port.
The CoWare model is implemented on a computer or on sy The port containing the hierarchical protocol, is made hier-
a plurality of computers and a set of application program- archical to add the required communication behavior that
mer’s interface (API) functions is available. When a CoWare implements the timing diagram of the selected hierarchical
system description is parsed, a representation of the system protocol. Again this is achieved without modifying the
in memory is created in which the objects of the description  description of any of the processes involved. Because of this
are related to each other. All tools of the CoWare environ- ss property it is feasible to construct libraries of functional
ment use these API functions to analyze, manipulate, and building blocks and libraries of communication blocks that
refine the system description. are re-usable: they can be plugged together without modi-
In a preferred embodiment, the tools are executed on a fying their description. After blocks have been plugged
Hewlett Packard 715/50 workstation, a SUN, a DEC or other together, any communication overhead (chains of remote
commercially available workstation, or a personal computer o procedure calls) can be removed by in-lining the slave
or another computer. Different tools can run on different threads that serve the RPCs. The result is a description of the
workstations that are interconnected over a network. component in which function and communication are inter-
Due to the selection of RPC as inter-process leaved seamlessly and which can be compiled into software
communication, the classification of protocols and the struc- or hardware as efficiently as a description in the traditional
turing of a process in encapsulations with context and 65 design process.

threads, a process merge transformation can be imple-
mented.

The above method reduces the amount of protocol con-
versions needed at the system level and allows to postpone
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the selection of the communication protocol and its imple-
mentation until late in the design process, in this way
achieving the requirements of “design for re-use”. The
concept of hierarchical protocols is also useful to model

18
(73) for that processor. The hardware model (72) of the
programmable processor core consists of a HDL host-
language encapsulation that formalizes the information that
is available in the hardware section of the data sheet of the

off-the-shelf components (“re-use of designs”), because the 5 programmable processor core. The HDL host-language
timing diagrams according to which a processor communi- encapsulation of the hardware model is characterized by a
cates are abstracted in it. behavioral interface that conforms with the hardware inter-
The input to the implementation refinement process is a face of the programmable processor. All hardware ports (74)
functional specification: a CoWare language encapsulation have hierarchical protocols: they consist of terminals and a
consisting of a number of process instances (i.e. host lan- 10 timing diagram. The hardware model may also contain a
guage encapsula[ions), exhlblnng both in[ra-procesg and HDL description for either a black box, a simulation model,
inter-process communication behavior. In a first step, allo- or the full description of the processor core.
cation is performed. In this step the number and type of The software model (71) of the programmable processor
processors are selected that will serve as the target for core consists of a software host-language encapsulation that
implementing the input specification. After allocating the 15 formalizes the information that is available in the software
Necessary Processor resources, an assignment step is per- section of the data sheet of the programmable processor. The
formed. In this step each process instance of the input software host-language encapsulation of the software model
Speciﬁcaﬁon is assigned to one of the allocated processors. is characterized by a behavioral interface that conforms with
The rest of the implementation path is illustrated in FIG. the software interface of the programmable processor core.
6. All process instances bound to a single processor are 20 All software.port.? (75) have primitive protocols. The soft-
merged. This results in a system with a one-to-one mapping ware modgl identifies, for example, what ports can be used
between (merged) processes and allocated processors. In to get data in or out of the processor core (memory mapped,
FIG. 6, all DFL processes (61) are merged (62) into a single ~ CO-Processor port, . ... ), what ports can be used as interrupt
DFL process (63). ports and yvhal their characlerlsll.c§ are (interrupt priority,
The host language encapsulation from each (merged) 25 maskgble 1n1errupt, o) .In.addmon, the soflware model
process instance now has to be compiled onto its processor contains a behavioral description 1ha.t allpws comp}latlon of
target using a host language compiler. This comprises the a software host laqglage encapsulation into mac.hlne cpde.
following steps: For example: fu.nctlons to manage processor sp§c1ﬁc. actions
(1) The CoWare concepts of autonomous thread, slave §uch as installing an interrupt vector, enabling/disabling
thread, and shared context are implemented on the processor 30 Interrupts, ete.
i In FIG. 7, the software model of the ARM-6 RISC
target. . . .
. s processor is shown along with a number of its ports (75).
(2) The mtcr-Proccss communication is implemented. The memory port mem is modeled as a (bi-directional) slave
(3) The resulting processors are encapsulated so that they port. This slave port is accessed by the device drivers, by
can be connected with the rest of the system. 35 means of an RPC, to write/read data to/from the external
In step (1) existing (commercial) host language compilers hardware. The slave thread, modeled in the software model,
are re-used. When such a host language compiler does not attached to the mem slave port translates the incoming RPC
directly support the CoWare concepts of autonomous thread, to a memory access. SYMPHONY makes the connection
slave thread,and shared context, the CoWare environment between the device drivers and the mem port. The fig port,
supports two alternatives: 40 an interrupt port on a programmable processor, is modeled
the host language compiler is extended with libraries that as a master port. The software model of the ARM processor
support such concepts (multi-thread library); ensures that an RPC to this port is performed every time the
software synthesis is performed to translate the host processor detects that an interrupt has occurred. SYM-
language encapsulation to a description that can be PHONY connects the fig port to a slave thread that serves as
handled by the host language compiler. 45 the interrupt service routine so that routine is started auto-
In FIG. 6, the DFL process (63) is compiled with the matically.
Cathedral compiler (64). The result is a VHDL net list (65) In FIG. 7, the hardware model of the ARM-6 RISC
of the implementation. processor is shown along with a number of its ports (74).
In step (2) when the process is compiled on a non- The memory port mem is modeled as a (bi-directional)
programmable processor, the implementation of inter- 50 master port. The hardware model of the ARM- performs an
process communication comprises the steps of refining the RPC to port every time that it wants to write/read data from
primitive ports/protocols into appropriate hierarchical ports/ the RAM, ROM or memory mapped hardware. SYM-
protocols and merging the hierarchical ports with the pro- PHONY connects the mem port to a slave thread in the
cess. hardware interface, which does the address decoding and
In FIG. 6, hierarchical ports (66) are added to the VHDL 55 forwards the RPC to the appropriate hardware block (RAM,
processes (67). After merging (68) all processes (67), the ROM, memory mapped hardware).
resulting VHDL process (69) is compiled with the Synopsys The fiq port is modeled as a slave port in the hardware
compiler (70). model. This slave port is activated by an RPC that is
In step (2) when the process is compiled on a program- performed to the port by the hardware interface. The slave
mable processor, the implementation of inter-process com- 60 thread attached to the fig port (and modelled in the hardware
munication comprises the steps of generating device drivers model) sets the appropriate flag in the status register to the
and of generating hardware interfaces. A software tool is appropriate value, signalling the interrupt request.
used to achieve this. This tool is called SYMPHONY The link between events (RPC to ports, starting of slave
hereinbelow. threads attached to slave ports) in the hardware model and
FIG. 7 illustrates the tool SYMPHONY. SYMPHONY 65 events in the software model, is handled by the processor

makes use of a software model (71) and hardware model
(72) of the target processor and a library of I/O scenarios

hardware or, in the case of simulation, by the instruction-set
simulator for the ARM.
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SYMPHONY is based on the observation that program-
mable processor share a number of common communication
methods to get data in or out of the processors. These
communication methods are modeled by I/O scenarios. An
I/O scenario describes one way of using the ports of a
specific processor core to map a particular port of a software
host language encapsulation to an equivalent port in
hardware, thereby crossing the processor core boundary
while maintaining the communication semantics. FIG. 8
shows an example of an I/O scenario. It consists of a
software host-language encapsulation and a hardware host-
language encapsulation that describe a software I/O driver
and the hardware counterpart, respectively. An I/O scenario
is also tagged with some performance figures that will allow
the designer or SYMPHONY to make a decision about what
1/O scenario to use for which port. The I/O scenario (78) of
FIG. 8 shows how an outmaster port psw (79) in software
can be mapped to an outmaster port phw (80) in hardware,
thereby using the memory port (81) of an ARM-6 RISC
processor core. The software process encapsulation P1 (82)
represents the software I/O driver and copies data from port
psw (79) to a specific memory address 0x08000 via an RPC
call (84). The hardware process encapsulation P2 (83)
represents the hardware counterpart and checks whether the
memory address bus of the ARM (modeled by the protocol
indices of the memory port (81)) equals 0x08000. If this is
the case, data that is residing on the memory data bus of the
ARM is copied to port phw (80) via an RPC call (85).

The library of I/O scenarios comprises

Memory-Mapped I/O scenarios. These provide a data-

transfer mechanism that is convenient because it does
not require the use of special processor instructions,
and can implement practically as many input or output
ports as desired. In memory-mapped /O, portions of
the address space are assigned to input and output ports.
Reads and writes to those addresses are interpreted as
commands to the I/O ports. “Sending” to a memory-
mapped location involves effectively executing a
“Store” instruction on a pseudo-memory location con-
nected to an output port, and “Receiving” from a
memory-mapped location involves effectively execut-
ing a “Load” instruction on a pseudo-memory location
connected to an input port. When these memory opera-
tions are executed on the portions of address space
assigned to memory-mapped /O, the memory system
ignores the operation. The I/O unit, however, sees the
operation and performs the corresponding operation to
the connected I/O ports. The number of memory loca-
tions assigned for memory-mapped I/O will depend on
the number of ports that a software processor compo-
nent has to “physically” implement. SYMPHONY pro-
poses an assignment of address locations to channels
that will result in simple address decoding logic.
However, the user can always override the proposed
assignment.

Instruction-Programmed I/O scenarios. Some processors

also provide special instructions for accessing special
1/O ports provided with the processor itself. Using this
scheme, these special communication ports of the pro-
cessor are connected to the external channels via the
I/O unit.

In addition to providing hardware support for memory-
mapped and instruction-programmed I/O, the I/O unit also
provides support for hardware interrupt control. Interrupts
are used for different purposes, including the coordination of
interrupt-driven I/O transfers. Different processors provide
different degree of hardware interrupt support. Some pro-
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cessors provide direct access to a number of dedicated
interrupt signals. Our I/O unit architecture makes use of
these signals when available. If more interrupt “channels”
are required, for example, as required to support a number
of interrupt-driven communication channels, we use the
strategy of interrupt vectors. Interrupt vectors are pointers or
addresses that tell the processor core where to jump to for
the interrupt service routine. In effect, this is a kind of
memory-mapped interrupt handling.

Once an I/O scenario is selected for every port of the
software host-language encapsulation, SYMPHONY gener-
ates the necessary communication software and the corre-
sponding hardware I/O unit by combining the selected 1/0
scenarios. The generated communication software, the soft-
ware model of the processor core and the software host-
language encapsulation itself are merged and compiled with
the processor specific C-compiler.

The result of SYMPHONY is a refinement of the original
host language encapsulation into a CoWare encapsulation of
which the behavioral interface is identical to that of the
original encapsulation.

In addition SYMPHONY, adds RAM and ROM blocks to
store the program code and data (in FIG. 7, the RAM and
ROM are not shown explicitly: they are part of the hardware
interface).

The result of SYMPHONY is a refinement of the original
host language encapsulation into a CoWare encapsulation of
which the behavioral interface is identical to that of the
original encapsulation. SYMPHONY effectively replaces a
software encapsulation by a hardware encapsulation that has
equivalent functionality.

In step (3) when two processors are not protocol
compatible, a protocol conversion process is inserted. In
FIG. 6, the VHDL net list representation of the processor
(65) that was compiled with Cathedral-2/3 and the off-the-
shelf processor (76) (VHDL net list representation) have
incompatible protocols. Protocol conversion (77) is required
to make them compatible.

A digital system in the CoWare design environment can
be simulated. Simulation is an implementation of the digital
system on one or more general-purpose computers. The
implementation process outlined above can be followed to
construct a simulation. FIG. 9 illustrates the construction of
a simulation. For simulation, the target processors are simu-
lators (86) running on processes (87) of the operating
systems (88) that run on the general-purpose computers.
Currently, the simulators are a Synopsys VSS VHDL
simulator, Leapfrog VHDL simulator, Cadence Verilog-XL
Verilog simulator, native compiled code, DFL and Silage
simulators. Each simulator runs in a Unix process on a HP
715/50, Sun, DEC or other workstation, or on a PC or other
computer. All Unix processes may run on the same physical
workstation or they may run on several workstations that are
interconnected in a network. Allocation and assignment
determine the simulation architecture. Arbitrary simulation
architectures are supported by the CoWare design environ-
ment. Support is provided to select an optimal architecture
for a given simulation speed and debugging visibility.

The host language compilers mentioned in step (1) are
now the simulation engines for the host languages.

In step (2), the inter-process communication now consists
of two parts. In a first part, the communication is realized
from the simulation engine to the OS process on which the
simulation engine is running. In a second part, the commu-
nication is realized between two different OS processes over
the OS and network layer. The communication between the
simulation engine and the OS process is performed via the
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application programmers interface of the simulation engine.
The communication between two different OS processes is
done through the OS inter-process communication primi-
tives (e.g., shared memory and semaphores for two pro-

22

an RPC (111) to the User Interface process (91) to obtain a
new value for the parameter par that it requires for comput-
ing the correlation values. Finally, the new correlation
results are sent to the Tracking Acquisition process (93) via

cesses on a single OS, or TCP/IP sockets for two processes 5 an RPC call (112) on its op port (113).
on distinct computers). The slave thread (114) in the Tracking Acquisition process
When the simulation engine used has a fixed interface as (93) updates the delta value for the sawtooth function
for example an instruction set simulator for a programmable implemented by the Sample Clock Generator process (94).
processor, then the hardware software interface is generated It puts the updated value in the context (115), where it is
with SYMPHONY and can be simulated as any other 10 retrieved by the slave thread op (116) which serves RPC
process. requests from the Sample Clock Generator process (94). In
The CoWare design environment supports multi abstrac- this way, the Tracking Acquisition process (93) influences
tion level simulation which is the key for efficient the frequency of the clock generated by the Sample Clock
co-simulation. It allows to simulate the processes under Generator process (94). This example shows how the con-
debug at an appropriate low level of abstraction for debug- 15 text (115) is used for communication between threads inside
ging purposes, while simulating the other processes in the the same process whereas the RPC mechanism is used for
system at the highest appropriate abstraction level for maxi- communication between threads in different processes. The
mal speed. The time-consuming low abstraction level simu- locking (117) and unlocking (118) of the context (115) is
lation is limited to the smallest possible part of the system required to avoid concurrent accesses to the variable delta.
under simulation, while still being able to simulate these 20 The lock (117) in the slave thread op (116) locks the context
parts in the system context. (115) for read: other threads are still allowed to read from the
Because both simulation and implementation follow the context (115), but no other thread may write the context
same design process, it is possible to construct hybrid (115). The lock (119) in the slave thread ip (114) locks the
simulation architectures in which part of the system is context (115) for write: no other thread is allowed to write
implemented by simulators running on OS processes and 25 or read the context (115) until it is unlocked again.
part of the system is implemented by actual hardware. This Each process is described in the language that is best fit
is just one more manifestation of the heterogeneity of digital for the characteristics of the function it implements. The
system architectures. data-flow blocks (NCO (101), Down-conversion (100),
In a specific embodiment of the present invention, an Decimation (99), Chip Matched Filter (96), Phase Correc-
application is disclosed hereinbelow for a hardware/ 30 tjon (97), Correlator Noise Estimator (98), and Sample
software co-design of a pager application. Clock Generator (94)) are described in DFL. The control
oriented blocks (Tracking Acquisition (93), Frame Extrac-
SPECIFICATION OF THE PAGER tion (92) and User Interface (91)) are described in C. The
Each block (89) in FIG. 10 corresponds to a process code in FIG. 11, is pseudo-code meant for illustration and
implementing a specific function of the pager. This func- 35 does not correspond to the actual code.
tional decomposition determines the initial partitioning. The DESIGN PROCESS
lin'es.v.vilh AITOWS (90) in between tt}e processes represent After the initial specification of the system has been
primitive chanp els. Wl!h RPC semantics. FIG. 11 shows.the validated by simulation, the designer starts the refinement
RPC communication in detail for part of the pager design. ss
The blocks (91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101) in ** P " . decided wh .
FIG. 11 correspond to the processes (89) from FIG. 10. . At this moment it is not yet decided what process will be
. implemented on what kind of target processor nor is it
The Sample Clock Genere}lor process (94) c.ontalns an defined how the RPC communication will be refined.
autonomous thread (102). Th1§ th.read runs qontlnuously. It However, the choice of the specification language for each
performs an RPC (193) over 1ts nput port 1p (104) to the 4 process restricts the choice of the component compiler and
Tracking & Acquisition process (93) to obtain a new value in that sense partly determines the target processor. Hence,
for delta. The autonomous thread (102) of the process (94) studying possible alternative assignments of a process to a
adds the c.lelta parameter t(? some.lr}ternal variable until a target processor may require the availability of a description
1hresh01d is exceeded. In this way it implements a sawtooth of the process in more than one specification language or a
function. When the §a\ytooth exceeds the (fixed) threshold, 50 clear guess of the best solution.
an RPC call (105) is issued to the A/D converter process Allocation and Assignment
(95). The autonomous thread (102) of the Sample Clock This step determines what processes will be implemented
Qenerator (94) performs an RPC (105) (gives a sample clock on what target processor. The initial specification shows the
tick) every threshold/delta iterations (real clock cycles). finest grain partitioning: a process in the initial specification
The slave thread clock (106) in the A/D converter process ss will never be split over several processors. However, it may
(95) samples the analog input, and sends the result to the be worthwhile to combine a number of processes inside a
Down-conversion process (100) via an RPC call (107). This single processor. This is achieved by merging these pro-
in turn will activate the Decimation process (99) via an RPC cesses into a single process that can then be mapped on the
call, etc. selected target processor by a host language compiler. Merg-
The Correlator Noise Estimator process (98) contains a 60 ing of processes is only allowed when the processes are
slave thread (108) associated with port ip (109) to compute described in the same specification language. Hence, study-
the correlation values. This slave thread (108) is activated ing possible alternative mergers may require that for a
when the Phase Correction process (97) writes data to the number of processes (e.g., Correlator Noise Estimator
Correlator Noise Estimator process (98) (i.e., when the process) a description is available in more than one speci-
Phase Correction process (97) performs an RPC (110) to the 65 fication language. After allocation and assignment, one

ip (109) port of the Correlator Noise Estimator process (98)).
The slave thread (108) reads in the data and then performs

obtains a description with a one-to-one mapping of merged
processes to processors.
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In the pager example (FIG. 12), the following allocation,
merging and assignment takes place. The NCO (120),
Down-conversion (121), and Decimation (122) processes
are merged and mapped in hardware onto an application
specific DSP processor (123) because the sample rate of the

24

BW-BR communication guarantees that no data is ever
lost. When the writing process has data available, it will
signal that to the reading process. If the reading process is
at that moment not ready to receive the data (because it is
still processing the previous data), the writing process will

5

merged processes is identical which implies that they can be block until the reading process is ready to communicate.
clocked at the same frequency. The advantage is that only Alternatively, if the reading process needs new data, it will
one clock tree needs to be generated per merged process signal that to the writing process. If the writing process is at
(one per original process). An additional advantage is that that moment not ready to send the data (because it is still
the scan-chains for the processes that are merged can be ;o computing the dat.a), the reading process will block until the
combined. writing process is ready to communicate. The BW-BR

The Chip Matched Filter (124), and Phase Correction scheme is used in the main signal path.
(125) processes are merged and mapped onto a ABW-BR spheme, howev.er, is not used for the parameter
CATHEDRAL-3 processor (126) because their sample rates and mode setting for the main 51gna1. pat'h‘ If an acceleratqr

p p.
. . . . uses BR to read a parameter value, it will be blocked until

are identical. The Correlator Noise Estimator process (127) 15 the ter i ided. Si th N tting i
: ) parameter is provided. Since the parameter setting is
1 mapped.onto a CATHEDRAIT'B' processor (128). It is n‘?‘ done in software, this will slow down the computations in
merged with the Phase Correction process (125) because it the main signal path considerably. Therefore parameter
operates at a four time slower frequency. The Sample clock  getting js done via a BW-UBR scheme. This makes sure that
generator (129) is mapped onto a CATHEDRAL-3 processor every parameter change is read by the accelerators, but it
(130). 20 leaves it up to the accelerator to decide when to read the

Tracking Acquisition (131), Frame Extraction (132), and parameter.
User Interface (133) are merged and mapped on a program- In the CoWare design environment, the refinement of the
mable processor (134). For this design an ARM6 processor communication mechanism is performed by making use of
is chosen. The Hardware/Software tradeoffs are based on the a hierarchical channel. A hierarchical channel replaces a
following observations. To obtain a maximal degree of ,5 primitive channel by a process that describes how commu-
flexibility as much of the functionality as possible is imple- ~ nication over that channel is carried out.
mented in software on the ARM6 (134). However, due to The introduction of BW-BR communication is shown in
performance constraints of the ARMG6 processor (134), there ~ detail for the Chip Matched Filter & Phase Correction (135)
is a limit to what can be implemented in software. The two an("il"hcogsfb%g 8;1 NOlsle(]iZ;t;;natort process (t136) m FI% 14d~

; i1 thi . e channe contains a autonomous threa
malln f;ﬁor;thai‘pla};a ro!thlvn this problerﬁsalre‘h b 30 (138) and a slave thread (139) that communicate with each

( ) c lracking ACqUISILION process ( ) as 1o be other via the shared variable tmp[0..7] in the context (140).

implemented in software because the algorithm used to The slave thread . .

. o . e slave thread (139) is activated by an RPC (141) from the
pcrforrr} tracking and acquisition may be modified CMF & Phase Correction process (135) and it tries to update
depending on the application domain of the pager  ihe context (140) with new values. The autonomous thread
system. 35 (138) continuously tries to read the values from the context

(2) The Correlator Noise Estimator process (127) is not (140) and send them to the output port (144) via an RPC
included in software because the input rate for the  (142), in this way activating the Correlation & Noise Esti-
Correlator Noise Estimator (127) is too high to realize mator process (136) that is attached to that output (144). The
a real-time communication between the ARM6 and the blocking character of the communication is taken care of by
Phase Correction process (125). In addition, an estima- 40 the use of a binary semaphore rw (143). This guarantees that
tion of the number of cycles required to execute each the input thread (139) will block until the previous data has
function on the ARM6 shows that the implementation been read by the autonomous thread (138) (no data is
of Correlator Noise Estimator process (127) in software overwritten before it has been read), and that the autono-
leaves insufficient time to perform tracking and acqui- mous thread (138) will block until new data is available (no
sition in between every two symbols. 45 data is read twice). When the input slave thread (139) is

After merging, each of the merged processes can now be blocked, the CMF & Phase Correction process (135) that

implemented on a separate target processor by the appro- requested its service via an RPC (141) is also blocked
priate compiler. The communication between the merged because the RPC (141) will only return after the slave thread
processes is still done via primitive ports and channels. (139) has completed. When the autonomous thread (138) is
Communication Mechanism Selection 50 blocked, there are no RPC requests to the Correlator Noise

After the partitioning of the system has been verified by Estimator process (136), so that process (136) is blocked

simulation and before the actual implementation takes place, automatically.

the designer may choose to refine the communication In the case of Blocked-Write, UnBlocked Read
mechanism between the processors. This can be achieved by communication, the code for the autonomous thread is
making explicit the behavior of the channels between the 55 slightly modified. The thread always sends the value stored
processors. in the context, without checking whether it is updated. The

In the running example, the processors can, in principle, same value can be sent more than once, but the thread will

operate concurrently because each processor has its own never be blocked. The input slave thread is identical to the
thread of control. By refining the RPC based communication BWBR case, and will block until the data has been read.
scheme we can pipeline the processors: all processors oper- 60 In both cases, locking and unlocking of the context is
ate concurrently and at I/O points they synchronize. This required to avoid concurrent accesses to the shared variable
refined communication scheme is called Blocked/ in the context and, as such, has nothing to do with the
UnBlocked Read/Write communication. FIG. 13 shows the blocking character of the communication.

pager with the refined communication mechanism. The Implementation of the Pager

inputs and outputs of the processors have been labeled with 65  After the newly introduced communication mechanism

BW for Blocked Write, BR for Blocked Read, and UBR for
UnBlocked Read.

has been verified by simulation, each process has to be
synthesized on its assigned target processor.
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Implementation of a Process in Hardware

FIG. 15 illustrates the pure hardware implementation for
the Correlator & Noise Estimator process (145) and the
merged Phase Correction and Chip Matched Filter process
(146). This hardware implementation for the pager consists

26
FIQ port (163) of the hardware model (164) has a conse-
quence that an RPC is issued on the interrupt port (165) of
the software model (166). This port (165) is connected with
the Join (167) block.

sh 5 Join (167) retrieves the 14th correlation value by issuing
of three distinct steps: . an RPC to the corresponding input port (168) of the Demux
The (merged) DFL processes are synthesized by the block (169). The data transfer is implemented through
CATHEDRAL silicon compiler. The compiler generates memory mapped 1/0. Therefore, when selecting this /O
processors of which all the inputs and outputs are of the scenario, the user should decide on the address that will be
master type. These processors are shown in FIG. 15 as the -
. 10 used for the transfer. When one of the input ports of the
inner rectangles (147, 148). Demux block is activated, an RPC to the memor; t (170
Each processor is encapsulated to make it consistent with . P y port (170)
the specification in which the DFL processes have slave Wll.l be pc.rformed with an address that corresponds to the
inputs. In addition, the encapsulation includes clock gating ~ activated input port. .
circuitry to control the activity of the processor. The encap- At the hardware side, the memory port (172) issues an
sulated processors are shown in FIG. 15 as the big rectangles 15 RPC to the Mux block (171) whenever the port (172) is
(149, 150): they include the processor generated by CATHE- activated. In that block (171), the address will be decoded
DRAL (147, 148) and some encapsulation hardware (151, and the corresponding output port will be activated to
152, 153). As can be observed, the input ports (154, 155) of retrieve the correlation value that was stored locally in
the encapsulated processors (149, 150) are now of the slave hardware (either in the Split (162) or in the Unpack block
type. The encapsulation hardware (151, 152, 153) is shown 20 (161)). After the 14th correlation value has been retrieved by
in detail in FIG. 16 as the blocks (177, 156, 157). the Join block (167), it is passed on to the Pack block (173),
The BWBR process is implemented in hardware. In this that will then retrieve the 13 other correlation values by
case we obtain the gate-level implementation of this process issuing consecutive RPCs to the different ports of the Mux
from the library. This implementation is functionally equiva- block (169). Finally, when the Pack block (173) has
lent to the original C-like description (137) of this block in 95 retrieved all 14 values, it packs them in an array and
FIG. 14. FIG. 16 shows the detailed implementation (158) of  activates the original software application code in the Track-
the BWBR process that is used in the main signal path of the ing & Acquisition process (174).
pager. All these blocks are described in a generic way in a library
Implementation of a Process in Software where they can be retrieved and customized by SYM-
To simplify the discussion we will only look at the 33 PHONY.
transfer of the 14 correlation values to the Tracking Acqui- The solution for the corr_par port (160) is much simpler.
sition process, and the setting of a parameter value by the Since it is an outmaster port it can directly be mapped on the
User Interface. We also know that the transfer of the memory port. However, since the memory port is already
correlation values has to be BWBR and the transfer of the used, an extra multiplexer (175) is required. This is shown
parameter value has to be BWUBR. 35 in FIG. 17. To implement the unblocking read character of
The hardware interface and the software I/0 device driver the transfer, an extra register (176) is required on the
is generated automatically with SYMPHONY. To generate hardware side.
these interfaces, SYMPHONY analyses the ports of the Before going on with the implementation path, all pro-
software process. cesses that were added by SYMPHONY are merged. The
For each of these ports, SYMPHONY scans the library of 49 hardware interfaces are merged into one hardware interface
1/0 scenarios for an applicable scenario. The user is asked to block that can then be implemented with Register Transfer
select the most appropriate scenario amongst the applicable  Jevel synthesis tools. The I/O device driver processes are
ones. SYMPHONY then combines the selected scenarios merged with the original software application code. As a
into a software I/O device driver and a hardware interface. consequence of the in-lining, the complete tracking and
In the example shown in FIG. 17, there are two ports t0 45 acquisition slave thread moves in the interrupt routine.
be implemented: Whenever new correlation values are ready, the main soft-
bool [32][14] corr: inslave (159) is used to transfer the ware thread is interrupted to run the tracking and acquisition
correlation values. This is a port of type inslave, that algorithm. After that interrupt is processed, the main thread
transports an array of 14 bit vectors of size 32. resumes.
bool par: outmaster (160) is used to set a parameter of the 50  FIG. 18 is an operational flowchart for a presently pre-
correlation block. This is a port of type outmaster, that ferred method of specifying a hardware/software codesign
transports a boolean value. for an embedded system known as CoWare. At state 180, the
For the corr port (159), SYMPHONY proposes the sce- system designer creates software source files containing a
nario depicted in FIG. 17. The memory port of the ARM will specification of the system. This initial specification is
be used to transfer the correlation values and the FIQ port of 55 parsed, in conjunction with libraries of predefined routines
the processor will be used to initiate the transfer. The I/O 182, to result in a database of objects which is stored in the
scenario describes what blocks need to be inserted in soft- computer memory as shown at states 184, 186. The CoWare
ware and hardware to realize this kind of communication. In libraries contain processor models, I/O scenario models,
total, three hardware and three software blocks are required protocol definitions, process definitions for use as hierarchi-
to implement the communication over the corr port. The 60 cal port or hierarchical channel, and so forth. The database
memory port of the ARM is obviously not wide enough to could be construed using the Standards Components Library
transfer the 14 correlation values in parallel. Therefore, the for Graphs, C++ Standard Components, Release 3.0, Copy-
scenario will sequentialize the transfer. Of the 14 correlation right (¢) 1991, 1992 AT&T and UNIX System Laboratories,
values, 13 will be stored internally in the Unpack block Inc. This defines classes for each object in a graphical
(161). The 14th value is sent to the Split block (162). 65 representation of the system undergoing codesign and has

Split (162) stores the 14th value internally and then
activates the FIQ port of the ARM processor. Activating the

API functions that are used to build graphs, access elements
of a graph, and so forth. In addition, the database requires
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library functions or tools that implement graph algorithms
which correspond to the described merger, flattener, and
other tools of CoWare.

Tools, which are independent software functions selec-
tively used by the designer, operate on the database to refine
the system representation. Each tool uses CoWare API
functions to modify the database. A list of the more impor-
tant sets of tools (listed at state 190) includes: allocation
tools (see FIG. 5 and related discussion), assignment tools
(sce FIG. 5 and related discussion), encapsulation tools (see
FIG. 2 generally and FIG. 3 specifically) and hardware/
software interface tools (see FIG. 7 and related discussion on
SYMPHONY). The SYMPHONY tool is available for
license by COWARE, Inc., a subsidiary of IMEC of Leuven,
Belgium. Below is a non-exhaustive list of tools with a short
description of the function, the inputs and outputs of the tool.
Since all tools work on the database representing the system,
each tool has access to the complete system description
(including all the process definitions, etc.). Therefore, this
“INPUT” is not listed below. Since the libraries that can be
used in CoWare are also parsed into the memory of the
computer, each tool has, in principle, access to the library
elements. Thus, the libraries are also not explicitly men-
tioned as “INPUT” below.

allocation

FUNCTION: add a number of processors to the system.

INPUT: list of available processors.

OUTPUT: system with allocated processors.

assignment

FUNCTION: assign processes to allocated processors

INPUT: list of processes in system description and list of
allocated processors.

OUTPUT: system description in which processes
assigned to the same processor are combined in sepa-
rate CoWare language encapsulations, one CoWare
language encapsulation per processor.

encapsulation

FUNCTION: make a process’ communication consistent
with the rest of the system.

INPUT: CoWare encapsulation.

OUTPUT: CoWare encapsulation with hierarchical ports
for the process.

merging

FUNCTION: combine all processes of a CoWare encap-
sulation into a single process.

INPUT: CoWare encapsulation.

OUTPUT: host language encapsulation containing the
merged code.
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can be inserting a FIFO channel, or implementing
protocol conversion, or so forth.

INPUT: CoWare encapsulation with a channel between

two ports.

OUTPUT: CoWare encapsulation with a hierarchical

channel that implements the communication.
dump<language> where <language>={VERILOG,
VHDL, C, DFL, C++}

FUNCTION: extract host language code from host lan-

guage encapsulation.

INPUT: host language encapsulation.

OUTPUT: host language code.

At decision state 188 the system design determines if the
system (or a selected portion of the system) is completely
refined or is refined as far as required. If not, a loop
comprising states 186, 188 and 190 is repeated until the
system is completely refined, as determined at decision state
188, and the system designer continues at state 192. At state
192, the system (or system portion) is extracted from the
data base by a host language “dumper”. The result of the
host language dumper is a source file of the system (as
shown in state 194) in the corresponding host language, e.g.,
VERILOG, VHDL, C, DFL, or C++. Proceeding to state
196, the system designer can compile the source file using
a traditional host language compiler to generate a compiled
description of the system (or system portion) as shown in
state 198. This compiled description may be, for example, an
executable for a computer (for a simulation), a gate level net
list (for a VHDL simulation), or a net list describing the final
implementation of the system.

In the above description a design environment and a
design methodology meeting the requirements of
modularity, encapsulation of different description languages,
modeling from a heterogeneous conceptual specification to
a resulting heterogeneous architecture and all refinement
steps in between, modeling capabilities for off-the-shelf
components and the associated design environments, sepa-
ration between functional and communication behavior and
processor independent interface synthesis have been dis-
closed. Yet it is apparent that other embodiments of the
present invention may be obvious to the person skilled in the
art, the spirit and scope of the present invention being
limited only by the terms of the appended claims.

What is claimed is:

1. A database compiled on a computer environment,
adapted for access by executable programs on said environ-
ment for generating the implementation of an heterogeneous
essentially digital system, comprising:

a plurality of objects representing aspects of said digital

system wherein said objects comprise primitive objects

flattener . ¥ representing the specification of said digital system and
FUNCTION: flatten h1erarcl?y. hierarchical objects being created by said executable
INPUT: CoWare encapsulation. programs while generating the implementation of said
OUTPUT: new CoWare encapsulation containing no digital system, said primitive objects comprising ports,
other CoWare encapsulations. 55 protocols, and channels, at least one primitive port
hw/sw interfacing having at least one primitive protocol, said hierarchical
FUNCTION: implement a process on a programmable objects being successive refinements in a chain of
processor and implement the communication between refinements of said primitive objects, having more
the processor and its environment. detail and preserving any one or all of said aspects to
INPUT: process definition. 60 thereby generate said implementation of said digital
OUTPUT: CoWare encapsulation containing the original system;
process definition, the I/O device drivers, the hardware relations in between said primitive objects and in between
interfaces, the hardware and software model of the said hierarchical objects and between said primitive
processor. objects and said hierarchical objects; and
hw/hw interfacing 65  functions for manipulating said objects and said relations.

FUNCTION: implement communication between two
connected ports. The communication implementation

2. The database as recited in claim 1 wherein said imple-
mentation is a simulation of said digital system.
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3. The database as recited in claim 2 wherein said simu-
lation is a multi-abstraction level simulation, said multi-
abstraction level simulation comprising substantially simul-
taneous low-level and high-level simulation.

30

procedure-call semantics, and inter-process communication
aspects with a hierarchical protocol.

21. The database as recited in claim 20 wherein said
intra-process communication occurs between threads of a

4. The database as recited in claim 2 wherein said simu- 5 single process by shared variables in the context.
lation is a multi-platform simulation being executed on a 22. The database as recited in claim 20 wherein said
plurality of computers. inter-process communication with remote-procedure-call

5. The database as recited in claim 2 wherein said simu- semantics occurs between a slave thread of a first process
lation is a hybrid simulation comprising substantially simul- and a thread of a second process according to remote-
taneous hardware implementations and computer simula- 10 procedure-call semantics.
tions. 23. The database as recited in claim 22 further comprising

6. The database as recited in claim 1 wherein said imple- process merging functionality whereby the inter-process
mentation is a heterogeneous implementation comprising communication with remote-procedure-call semantics
hardware subsystems and software subsystems, said soft- between a plurality of processes is removed by merging said
ware subsystems being executed on one or more of said 15 plurality of processes.
hardware subsystems. 24. The database as recited in claim 20 wherein said

7. The database as recited in claim 6 wherein said hard- inter-process communication with a hierarchical protocol
ware subsystems comprise any one or more of processor occurs between a thread of a first process and a thread of a
cores, off-the-shelf components, custom components, second process according to the semantics of said hierar-
ASICs, processors, and boards. 20 chical protocol.

8. The database as recited in claim 7 wherein said soft- 25. The database as recited in claim 1, wherein said
ware subsystems comprise machine instructions for said refinements are individual refinements.
hardware subsystems. 26. The method as recited in claim 1, wherein each

9. The database as recited in claim 1 wherein said speci- primitive port has at least one primitive protocol.
fication is a heterogeneous specification comprising a plu- 25 27. A design environment, compiled on a computer
rality of behavioral and structural languages. environment, for implementing an heterogeneous essentially

10. The database as recited in claim 1 wherein said aspects digital system, comprising:
comprise any one or more of functional, communication, a database compiled on said computer, adapted for access
concurrency and structural aspects of said digital system. by executable programs on said computer for generat-

11. The database as recited in claim 10 wherein said 30 ing the implementation of said heterogeneous essen-
objects representing said functional aspects comprise any tially digital system, comprising a plurality of objects
one or more of host language encapsulations, threads, and representing aspects of said digital system wherein said
context. ) ) ) ) ) objects comprise primitive objects representing the

12. The database as recited in claim 10 wherein said specification of said digital system and hierarchical
Ob]eCtS representing said communication aspects comprise 35 Objects being created by said executable programs
an}£30ne I(])r Igoriof ports, protgcols, fhanﬂf(l)& akflld COHteXE while generating the implementation of said digital

. The database as recited in claim wherein sai system, said hierarchical objects being refinements of
objects representing said concurrency aspects comprise host said primitive objects, having more detail and preserv-
language encapsulations and threads. ing any one or all of said aspects to thereby generate

14. The database as recited in claim 10 wherein said 40 said jmp]emen[a[ion of said dlglta] system; and further
objects representing said structural aspects comprise any one comprising relations in between said primitive objects
or more of host language encapsulations, ports, channels, and in between said hierarchical objects and between
aﬂi iﬂSt?;HCCd& b q ' 10 wh q said primitive objects and said hierarchical objects; and

5. The database as recited in claim 10 wherein sai further comprising functions for manipulating said
functional aspects and said communication aspects of said 45 objects and said reglalions; P &
sp.eciﬁcatipn are split into first primitin: o_b_jccts r§presenting means for specifying said heterogeneous digital system
sald.functl.onal aspects agd second primitive objects repre- comprising a plurality of behavioral and structural
senting said communication aspects. languages;

16. The database as recited in claim 15 wherein said first . . . ..

A . . means for simulating said heterogeneous digital system
primitive objects are host language encapsulations and 50 . lurality of simulators for said behavioral
wherein said second primitive objects comprise said ports, Cognptn SHig alp lura J .
said protocols, and said channels, one port having one an sru? ura angL.lages,. ..
protocol. means for 1m.p.lernent1ng §a1d helerogeneous dlgltal sys-

17. The database as recited in claim 16 wherein said ports tem comprising a plurality of compilers for said behav-
are connected by channels, the communication between said 55 ioral and strucl.ural languages; .
ports over said channels being conducted according to means for allocating hardware components for an imple-
remote-procedure-call semantics. mentation of said heterogeneous digital system;

18. The database as recited in claim 15 wherein said means for assigning hardware subsystems and software
second primitive objects are refined into second hierarchical subsystems of said heterogencous digital system to said
objects for adding implementation detail to the communi- 60 hardware components;
cation behavior of said second primitive objects. means for implementing the communication between said

19. The database as recited in claim 15 wherein said software subsystems and said hardware subsystems,
CONCUITENCY aspects are inter-process concurrency aspects one of the aspects of said communication being repre-
and intra-process concurrency aspects. sented by ports; and

20. The database as recited in claim 15 wherein said 65  means for encapsulating said simulators, said compilers,

communication aspects are intra-process communication
aspects, inter-process communication aspects with remote-

said hardware components, said hardware subsystems
and said software subsystems, thereby creating a con-
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sistent communication between said encapsulated
simulators, compilers, hardware components, hardware
subsystems and software subsystems.

28. A design environment as recited in claim 27 further
comprising means for creating processor models of said
hardware components as objects in said database, said
models comprising software models representing the soft-
ware views on said hardware components and hardware
models representing the hardware views on said hardware

32

defining communication semantics of said ports by a
protocol, said protocol being a primitive object;

and thereafter

creating hierarchical objects by successive refinements in
a chain of refinements of said primitive objects and
having more detail, while preserving aspects of said
communication semantics.
35. The method as recited in claim 34 further comprising
the step of simulating said system.

components. . . . 10 36. The method as recited in claim 34 wherein said
29. The design environment as recited in claim 28 further implementation comprises hardware and software sub-
comprising means for creating I/0 scenario models of said systems of said system, said software subsystems being
ports as objects in said database, said I/O scenario models executed on one or morf’: of said hardware subsystems.
representing the implementation of said ports on said hard- 37. The method as recited in claim 36 wherein said
ware components, said implementation comprising software 15 hardware subsystems comprise any one or more of processor
subsystems, hardware subsystems, and processor models cores, off-the-shelf components, custom components
with connections therebetween. ASIC;, processors, and boards, ’ ’
30. ~The QC51gn eavironment as recnefl n claim 29 38. The method as recited in claim 37 further comprising
wherein the implementation of the communication between the step of generating a net list comprising the layout
a first software subsystem and a first hardware subsystem 20 ; ¢ o002 g implementation.
results in said first software subsystem with a first port being 39. The method as recited in claim 34 further comprising
replaced by a second hardware subsystem with a second the steps of:
port, said first port and said second port representing an . .
essentially identical communication. allocating one or more hardware components, said com-
31. The design environment as recited in claim 30 further 25 ponents comprising programmable processors and non-
comprising: p.rog.ramm'able processors; ar‘ld
means for selecting I/O scenario models for the ports of assigning said processes 1o said hardware components,
said first software subsystem; the processes being assigned to a programmable pro-
for combining the software subsystems of said cessor being a software subsystem, the other processes
mesi:rll:cted I/O scenarios; and 3 being hardware sub.systejms. . .
4 40. The method as recited in claim 39 further comprising
means for combining the hardware subsystems of said the step of selecting I/O scenario models for the ports of said
selected 1/0 scenarios. software subsystem thereby connecting said ports to the
32. The design environment as recited in claim 31 interface of said programmable processor and connecting
wherein a first I/O scenario model represents the connection .. the interface of said programmable processor to second
of said first port to said second port, said connection  ports, said second ports representing an essentially identical
comprising a connection of said first port to said software communication as said ports.
subsystems of said I/O scenario model, connections of said 41. The method as recited in claim 40 further comprising
software subsystems of said I/O scenario model to said the step of refining the channel in between a first and a
software model, connections of said hardware model to said ,, second port of respectively a first and a second hardware
hardware subsystems of said I/O scenario model, and a component, said first and said second port having an incom-
connection of said hardware subsystems of said I/O scenario patible protocol, thereby creating a hierarchical channel,
model to said second port. said hierarchical channel converting the first protocol into
33. The design environment as recited in claim 32 the second protocol.
wherein I/O scenario models comprise any one or more of 45  42. The method as recited in claim 40 further comprising
memory mapped I/O scenarios, instruction programmed I/0 the step of refining the channels in between incompatible
scenarios, and interrupt based I/O scenarios. ports of hardware components, thereby creating hierarchical
34. A method of making an implementation of an hetero- channels.
geneous essentially digital system, comprising the steps of: 43. The method as recited in claim 42 wherein said
defining a first set of primitive objects representing the 55 hardware subsystems comprise any one or more of processor
specification of said digital system, comprising the cores, off-the-shelf components, custom components,
steps of: ASICs, processors, and boards.
describing the specification of said system in one or 44. The method as recited in claim 43 further comprising
more processes, each process representing a func- the step of generating a net list comprising the layout
tional aspect of said system, said processes being 55 information of said implementation.

primitive objects;

defining ports and connecting said ports with channels,
said ports structuring communication between said
processes, said ports and said channels being primi-
tive objects, one process having one or more ports, at
least one port having at least one protocol;

45. The method as recited in claim 34, wherein said
refinements are individual refinements.

46. The method as recited in claim 34, wherein each port
has at least one protocol.
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