0 0 0 00 0O A

United States Patent 9

Sugimoto et al.

US005197016A
(111 Patent Number: 5,197,016

(451 Date of Patent: Mar. 23, 1993

[54]

(73]

(73]

[21]
[22]

[63]

[51]
(521

(58]
[56]

INTEGRATED SILICON-SOFTWARE
COMPILER

Inventors: Tai Sugimoto; Hideaki Kobayashi,
both of Columbia, S.C.; Massahiro
Shindo; Haruo Nakayama, both of
Osaka, Japan

Assignees: International Chip Corporation,
Columbia, S.C.; Ricoh Company,
Ltd., Tokyo, Japan

Appl. No.: 380,079
Filed: Jul. 14, 1989

Related U.S. Application Data

Continuation-in-part of Ser. No. 143,821, Jan. 13, 1988,
Pat. No. 4,922,432.

Int. CLS .o GO6F 15/60
US. Cl v 364/490; 364/489;

364/488
Field of Search ................ 364/488, 489, 490, 491

References Cited
U.S. PATENT DOCUMENTS

4,648,044 3/1987 Hardyetal .....ccccoviivnnene. 395/76
4,658,370 4/1987 Erman et al. . 395/76
4,675,829 6/1987 Clemenson ........ooeiveveennne 395/65

4,703,435 10/1987 Darringer et al. .................. 364/489
4,922,432 5/1990 Kobayashi et al. ................. 364/490

OTHER PUBLICATIONS

“A Front End Graphic Interface to the First Silicon
Compiler” by J. H. Nash et al., European Conf. on
Electronic Design Automation (EDAS84), pp. 120-124.
An Engineering Approach to Digital Design, William L.
Fletcher, Prentice-Hall, Inc. pp. 491-505.

Primary Examiner—Vincent N. Trans

Attorney, Agent, or Firm—Bel), Seltzer, Park & Gibson

[57] ABSTRACT

A computer-aided system and method is disclosed for
designing an application specific integrated circuit
(ASIC) whose intended function is implemented both
by a hardware subsystem including hardware elements
on the integrated circuit and by a software subsystem
including a general purpose microprocessor also on the
integrated circuit. The system also generates software
instructions for use by the software subsystem. The
system utilizes a knowledge based expert system, with a
knowledge base extracted from expert ASIC designers,
and thus makes it possible for ASIC’s to be designed and
provided quickly and economically by persons not hav-
ing the highly specialized skill of an ASIC designer.
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INTEGRATED SILICON-SOFTWARE COMPILER

CROSS-REFERENCE TO RELATED

2
with the assistance of available VLSI CAD tools, the
design process is time consuming and the probability of
error is also high because of human involvements.
There is a very significant need for a better and more

APPLICATION 5 cost effective way to design custom integrated circuits.
This application is a continuation-in-part of copend- In U.S. application Ser. No. 143,821, filed Jan. 13,
ing U.S. application Ser. No. 143,821, filed Jan. 13, 1988, and entitled Knowledge Based Method and Appara-
1988, now U.S. Pat. No. 4,922,432, tus for Designing Integrated Circuits Using Functional
Specifications, there is disclosed a computer-aided de-
FIELD AND BACKGROUND OF THE 10 sign system and method which enables a user to define
INVENTION the functional requirements for a desired application
This invention relates to the design of integrated  specific integrated circuit using an easily understood
circuits, and more particularly relates to a computer- architecture independent functional level representa-
aiAcf:lved‘ system adnd_met_hod for designing application spe- 5 ;ion, such as a flowchart. Frlom thisdfunctional level
cific integrated circuits. escription, a computer implemented expert system
An application specific integrated circuit (ASIC) is - generates the detailed structural level definitions
an integrated circuit chip designed to perform a specific ~ needed for producing the application specific integrated
function, as distinguished from standard, general pur- circuit. The structural level definitions include a list of
pose integrated circuit chips, such as microprocessors, the integrated circuit hardware cells needed to achieve
memory chips, etc. A highly skilled design engineer 20 the functional specifications. Also included in the de-
havﬁng .specializ.ed knowle&?ge in VLSI circuit desigg is tailed structural definitions are the data paths among the
ordinarily required to design an ASIC. In the design  selected hardware cells, a system controller for coordi-
process, the VLSI design engineer will consider the  nating the operation of the cells and control paths for
particular objectives to be accomplished and tasks tobe _  the selected integrated circuit cells. The various hard-
performed by the integrated circuit and will create 25 yare cells are selected from a cell library of previously
strqctural level design specxﬁcatloqs which define the designed hardware cells of various functions and tech-
various hardware components required to perform the nical specifications. From this detailed structural level
desired function, as well as the interconnection require- definition it is possible, using either known manual tech-
ments }3 etween t.hese components. A.system contrqller 30 niques or existing VLSI CAD layout systems to gener-
must also be designed for synchronizing the operations ate the detailed chip level geometrical information (e.g.
of these components. This requires an extensive and all mask data) required to produce the particular applica-
encompassing knowledge of the various hardware com- tion specific ir?le rated gircuit in chip form PP
ponents rec_;uired to achieve the desired objectives, as Thgs stemm defcribe din the aforen?emior;e 4 copend-
well as their interconnection requirements, signal level . Iy . id {omifi d P
compatibility, timing compatibility, physical layout, etc. 35 108 application provides a very significant advance over
At each design step, the designer must do tedious analy- the methods previously available for designing ap'pl‘lca-
sis. The design specifications created by the VLSI de- tion specific integrated circuits and opens the possibility
sign engineer may, for example, be in the form of circuit for the design and production of application specific
schematics, parameters or specialized hardware de- u?tegrate;l circuits b)t] des;fns?siheengsm::irasliizg tech:;
scription languages (HDLs). 40 clans Who may not pOsse pec EXP
From the structural level design specifications, the ~ knowledge of a highly skilled VLSI design engineer.
desc.riptiqn of the hardware components and intercon- SUMMARY OF THE INVENTION
nections is converted to a physical chip layout level . . . i
description which describes the actual topological char- The present invention provides an improvement over
s o e eyt o i, T a1 e 1 e S ndmeindof e e
chip layout level description provides the mask data .
nee%eds;‘or fabricating thl: chipr.) and method of the aforementioned application provides
Due to the tremendous advances in very large scale ~ an excellent means for designing ASICs whose func-
integration (VLSI) technology, highly complex circuit tions are implemented in hardware florm, there are some
systems are being built on a single chip. With their 50 occasions where particular functions of the ASCI
fgomplexity'ar;d the demand to dgs;gn custom chips at a W9Il‘l}112 befészet@Pleﬂ'lt‘?gted l’g’v?gngf‘zom ster-aided
aster rate, in large quantities, and for an ever increasing present invention p. puter-
?éﬁt];e)r of ;;I)ueciﬁc appl(ijcatiotx:, corcximpétzr]-)aidedhdesign .Sytstem :eréd n?eth.c:d f(;:' desigr:ingd a:; afpp]if.atior‘x sPecifxc
techniques need to be used. techniques  integrated circuit whose intended function is imple-
have been used with success in design and verification 55 mented by both a hardware subsystem including hard-
of integrated circuits, at both the structural level and at ~ ware elements on the integrated circuit and by a soft-
;lhe plg:sicaé laylout (lie}lel. For example, CAD systems ~ ware subsxlS_t;m ir;]cludin]g.a gzgiréil p:;poicé lr:lir:rk?-
ave been developed for assisting in converting VLSI processor. ‘Thus, the resulting produc y the
structural level descriptions of integrated circuits into ~ computer-aided design system and method of the pres-
the physical layout level topological mask data required 60 ent invention includes, on a single integrated circuit
for actually producing the chip. Although the presently  chip, a microprocessor for executing the software in-
available computer-aided design systems greatly facili-  structions of the software subsystem and various inte-
tate the design process, the current practice still re- grated circuit hardware cells for performing other func-
quires highly skilled VLSI design engineers to create tions of the integrated circuit.
the necessary structural level hardware descriptions. 65 The system more particularly utilizes a knowledge

Only a small number of VLSI designers possess the
highly specialized skills needed to create structural
level integrated circuit hardware descriptions. Even

based expert system, with a knowledge base extracted
from expert ASIC designers with a high level of exper-
tise in system design. The knowledge base contains
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rules for selecting software subroutines from a software
subroutine library of predefined functions or operations,
as well as rules for selecting hardware cells from a cell
library of predefined cells of various types and func-
tions. An inference engine is provided for selecting
appropriate hardware cells or software subroutines
from these libraries in accordance with the rules of the
knowledge base.

The functional specifications of the desired ASIC are
independent of any particular architecture or design
style and can be defined in a suitable manner, such as in
text form or preferably in a flowchart format. The flow-
chart is a highly effective means of describing a se-
quence of logical operations, and is well understood by
software and hardware designers of varying levels of
expertise and training. The designer, when defining the
series of operations which implement the intended func-
tion of the application specific integrated circuit, may
specify whether a particular operation should be imple-
mented in hardware or in software.

The designer may also specify design constraints for
the ASIC, such as annual volume, speed, size, pin count,
packaging type, power consumption and thermal stabil-
ity. The knowledge base contains design style rules for
selecting, based upon the specified design constraints,
an optimum design style for implementation of the hard-
ware subsystem employing various technologies such as
programmable logic device (PLD), gate array, standard
cell and macro cell.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood by reference
to the detailed description which follows, taken in con-
nection with the accompanying drawings, in which

FIG. 1 is a block schematic diagram showing how
integrated circuit mask data is created from flowchart
descriptions by the system of the present invention;

FIG. 2 is a block schematic diagram showing the
various elements of the integrated silicon-software com-
piler system and method of the present invention;

FIG. 3 is a schematic illustration of the system config-
uration of an ASIC containing both a microprocessor
subsystem and a non-microprocessor hardware subsys-
tem;

FIG. 4 is an illustration of a computer display screen
which the designer uses in defining the functional speci-
fications of the integrated circuit;

FIGS. 5 and 6 are flowcharts illustrating the func-
tions to be performed by an ASIC in an illustrative

20

4

the functional specifications of the desired target ASIC
into the integrated silicon-software compiler (ISSC) 10
in the form of a flowchart 11. The ISSC 10 then gener-
ates a netlist 15 from the flowchart. The netlist 15 in-
cludes architecture specific definitions of the hardware
cells required to implement the functions of the hard-
ware subsystem, a definition of the microprocessor used
to implement the functions of the software subsystem,
and definitions of a system controller, data paths and
control paths for interconnecting the various compo-
nents. The netlist 15 can be used as input to any existing
VLSI layout and routing tool 16 to create mask data 18
for geometrical layout. The ISSC system 10 also gener-
ates a program 19 from the flowchart information for
implementing the functions of the software subsystem.
The program 19 can be stored in an external or internal
memory associated with the microprocessor on the
target ASIC.

The ISSC system 10 can be operated on a suitable
programmed general purpose digital computer. By way
of example, one embodiment of the system is operated
in a workstation environment such as Sun3 and VAX-
Station-II/GPX running UNIX Operating System and
X Window Manager. The software uses C program-
ming language and a data base such as INGRES or
Gbase. The human interface is mainly done by the use
of a pointing device, such as a mouse, with pop up
menus, buttons, and a special purpose command lan-
guage. The permanent data of the integrated circuit
design are stored in a database for easy retrieval and
update. Main memory temporarily stores the executable
code, design data (flowchart, logic, etc.), data base (cell
library), and knowledge base. The CPU performs the
main tasks of creating and simulating flowcharts and the
automatic synthesis of the design.

The primary elements or modules which comprise
the ISSC system are shown in FIG. 2. In the embodi-
ment illustrated and described herein, these elements or
modules are in the form of software programs, although
persons skilled in the appropriate art will recognize that
these elements can be easily embodied in other forms,
such as in hardware for example.

Referring more particularly to FIG. 2, it will be seen
that the ISSC system 10 includes a module or subsystem
20 called KBSC (Knowledge Based Silicon Compiler).
The KBSC subsystem 20 corresponds to the system and
method described in copending U.S. application Ser.
No. 143,821, filed Jan. 13, 1988, the subject matter of

design example of the system and method of the inven- ¢y which is incorporated herein by reference. As shown in
tion; and o S FIG. 2, the KBSC subsystem 20 includes a number of
FIG. 7 is a schematic illustration similar to FIG. 3,  modules or programs which collectively provide an
but showing the particular ASIC of the design example. interface with the user for receiving input of the func-
MORE DETAILED DESCRIPTION OF THE tional specifications for the particular target ASIC and
INVENTION 55 which provide as output a netlist 15 and a program 19.

System Overview

The overall system flow in accordance with the pres-
ent invention is illustrated in FIG. 1. The computer-
aided system and method of the present invention is
represented by the block 10, and for simplicity is re-
ferred to herein by the acronym ISSC (integrated sili-
con-software compiler). The ISSC 10 receives as its
input (which are technology and architecture indepen-
dent) specifications 11, and which define on a functional
or behavioral level the functions which are to be per-
formed by the target application specific integrated
circuit (ASIC). As illustrated in FIG. 1, the user enters

60

Other major subsystems or modules of the ISSC 10
include a front-end expert system interface (FEXI) 40, a
database 60 and a software compiler (SOFTCOM) 70.

The KBSC subsystem 20 includes a program 21
called EDSIM (EDitor SIMulator), which comprises a
flowchart editor for creating and editing flowcharts and
a flowchart simulator for simulation and verification of
flowcharts. The output of EDSIM 21 is an intermediate
file 22, referred to as an Antecedent-Action-Form
(AAF), which contains a behavioral description of the
system that is to be designed. The AAF file 22 contains
information about storage elements which compose the
data paths, memory elements and external connections
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to the system. The AAF file 22 is the input to the
BLATH program 24.

The BLATH (Block Level Aaf To Hardware) pro-
gram 24 is a knowledge based logic synthesis program
which selects optimum hardware cells for the hardware
subsystem from the hardware cell library and also se-
lects a microprocessor or CPU megacell for use by the
software subsystem. The selection is based upon func-
tional descriptions in the flowchart, as specified by the
macros assigned to each action represented in the flow-
chart. BLATH 24 uses a knowledge base 25 extracted
from VLSI design experts to select the hardware cells
~ and microprocessor based upon design constraint rules,
design style selection rules, and . software/hardware
routine selection rules. BLATH 24 selects from a data-
base 60 which includes a hardware cell library 61 of
previously designed hardware cells and a software sub-
routine library 62 of previously designed software sub-
routines. BLATH 24 also outputs an STF file 26 which
is used by a system controller generator CONGEN
(CONitroller GENerator) 27 and by the software com-
piler (SOFTCOM) 70. The controller generator 27
generates a custom designed system controller for con-
trolling the operation of the hardware cells and coordi-
nating with the microprocessor of the software subsys-
tem. Thus, with a functional flowchart input from
EDSIM 21, BLATH 24 selects a microprocessor and all
required hardware cells, generates data and control
paths, and generates a netlist 15 describing all of ASIC
design information.

Target ASIC Design

FIG. 3 illustrates the system configuration of an ap-
plication specific integrated circuit (ASIC) designed
using the I5SC 10. It consists of two subsystems, a mi-
croprocessor subsystem 80 and a non-microprocessor
hardware subsystem 90. The microprocessor subsystem
contains a general purpose microprocessor CPU 81 and
random access memory (RAM) 82 to execute the soft-
ware functions of the ASIC. The software program is
stored in RAM memory 82. The hardware subsystem 90
contains special purpose hardware components or cells
which perform the functions of the ASIC. Functions
are executed in special hardware components primarily
to reduce processing time. The various hardware com-
ponents 913, 91;. . . 91, are integrated into a subsystem
which includes a local bus 92, a PLA control circuit 93,
a register array 94 and an input/output interface 95.

40

6

The main editing functions of the flowchart editor
include, create, edit, and delete states, conditions, and
transitions. The create operation allows the designer to
add a new state, condition, or transition to a flowchart.
Edit allows the designer to change the position of a
state, condition or transition, and delete allows the de-
signer to remove a state, condition or transition from
the current flowchart. States which contain actions are
represented by boxes, conditions are represented by
diamonds, and transitions are represented by lines with
arrows showing the direction of the transition.

Once the states and transitions have been created, the
designer assigns operations to each state. These opera-
tions are made up of macro functions and arguments.
The macro function library 63 in database 60 contains a
set of macros defining various operations corresponding
to the available actions and conditions which can be
specified in a flowchart. During the operation of the
EDSIM program 21, the user assigns to each block in
the flowchart a macro selected from the macro library
and the associated parameters of the macro, if any. FIG.
4 illustrates a screen provided for the designer to spec-
ify a macro function in a state in the flowchart. The
designer types a macro name along with its parameters
in the field associated with the label “enter macro
name”. In the righthand portion of the screen a macro
list is displayed for the designer to select a macro,
which can be selected by pointing and clicking a mouse.
Once a macro has been selected by this method, the
designer would then specify the parameters of the
macro. The designer can also select the desired macro
type, e.g. hardware (H) or software (S). He then clicks
on one of the two circles, “select cell now” or “cell

. selected by system”. If “select cell now” is selected,

then EDSIM 21 creates and sends a query to FEXT 40.
The expert system FEXI then queries the database and
retrieves suitable cells (either hardware or software as
desired by the user). If neither is selected by the user,
then both types of cells are displayed. FEXI displays
this cell list to the designer and waits for him to select a
cell. The designer can query about the features of the
cells. EDSIM then returns to normal flowchart editing.
If the designer had selected “cell selected by system”
from the above screen, then FEXI is not invoked and
normal flowchart editing continues.

A list of basic macro functions available in the macro
function library 63 is shown in Table 1.

These two subsystems communicate with each other 5p TABLE 1
through a system data bus 83, a system address bus 84 . para- .
and a system control bus 85. id macro name  meters description
1 ADD 2 B=A+B
EDSIM 2 ADD3 3 =A+B
. e . 3 SUB 2 B=A-B
The creation and verification of the flowchart is the 55 4 myLT 3 C=A*B
first step in the VLSI design methodology. The transia- 5 DIV 3 C=A/B
tion from an algorithm to an equivalent flowchart is 6 DEC 1 A=A-1
performed with the flowchart editor, which is con- ’ REG yohzar!
tained wntl’u.n the program EDSIM 21 The.ﬂowch.art 9 CMP 2 compare A and B and set EQ, LT or
editor provides a working environment for interactive 60 GT signals
flowchart editing with a designer friendly interface. A 10 CMPO 1 compare A with 0 and set EQ, LT or
graphical display of the flowchart is provided comsist- = . GT 5‘%‘3‘}; N
ing of boxes, diamonds, and lines. All are drawnonthe '~ ) vop 3 ‘é‘ CAM Cfd )
. ves = ulus B
screen and look like a traditional flowchart. The flow- 13 POW 3 C=A B
chart editor also provides functions such as loading and 65 14 DC2 S decode A into B,C, D, and E
saving flowcharts. EDSIM will generate an intermedi- :Z fa((:)zvg ; ;“COd; A, B,C.and Dinto E

ate file 22 for each flowchart. This file is then used by
the BLATH program 24 to generate a netlist 15.
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FEXI

The front-end expert system interface FEXI 40 is
invoked by EDSIM 21 for obtaining user design con-
straints. FEXI starts an interactive session with the user
to determine design constraints for the target ASIC
such as the following: speed, die size, number of 1/0
pins, development time, chip count, desired yield, chip
cost, package type, technology, power consumption,
production volume, pin count, design style, micro-
processor type, etc. Once the user has answered the
necessary inquiries regarding the design constraints,
FEXI 40 utilizes a knowledge base 41 and an inference
engine 42 to determine an optimum design style for the
hardware components of the integrated circuit from
such choices as PLD (programmable logic device), gate
array, standard cell, and macro cell. It then determines
the technology to be used, and finally selects a hard-
ware cell library to be used. For the software subsys-
tem, a microprocessor is selected among various estab-
lished microprocessor designs, such as Intel 8086, Mo-
torola 68000, Intel 80286, etc. The database 60 includes
software subroutine libraries for each of the standard
microprocessors. Once the microprocessor type has
been selected, the appropriate software subroutine li-
brary for that microprocessor type is selected. FEXI
operates as a separate program which runs in paraliel
with EDSIM 21. Although illustrated in FIG. 2 sepa-
rately, FEXI uses the same inference engine used by

—

0

—

5

8

preceded by an “1” to indicate that it is an external
connection.

Data mask provide a means of specifying a partial
bitfield that is to be treated as another data path. Data
mask are described by the following form:
< maskname > <’ < startbit > *:’ <stopbit > >'="

< pathname > ‘ <’.<startbit >’ < stopbit > ‘>’
<Maskname> is the name of the mask that is to be
treated as a data path. <Pathname>> is the name of the
data path that the partial bitfield comes from. <Start-
bit> and <stopbit> describe the bitrange of the mask
and the bitfield of the data path.

Memory elements define RAMs and ROMs to be
used in the system. Memories are defined in the “rom”
and “ram” statements. Memory elements are described

‘by the following form:

<memname> ‘[' <startaddr> ‘’ <stopaddr> T <s-
tartbit> ‘' <stopbit>
where < memname > is the name of the memory. If the
memory is a rom, then this name is also the name of a
file containing the contents of the rom. <Startaddr>
and <stopaddr> are the beginning and ending ad-
dresses of the memory. < Startbit>> and <stopbit> are
the beginning and ending bit positions of the word con-
tained in the memory.
An example is given to illustrate the top part of an
AAF file.

name cpuexample;
BLATH 24. data path acc<0:15>, ir<0:15>, mar<0:15>,
AAF iar<0:15>, mdata<0:15>, sum<0:15>;
A data mask adr<0:9> = ir<0:9>;

The AAF file 22 (Antecedent-Action-Form) is the
input to BLATH 24. It contains the behavioral descrip-
tion of the system that is to be designed. AAF file 22
contains information about storage elements which
compose the data paths, memory elements and external
connections to the system. This information is con-
tained in the first section of the file. The rest of the file
contains a description of the behavior of the system.
The first line of the AAF file 22 contains the name of
the system and is described by the following form:
pame <name>
where <name>> is the name of the system.

Storage elements are described at the top of the AAF
file 22. Storage elements can be data paths, external
connections or memory elements. They are defined
using the “data path”, “‘data mask”, “rom” and “ram”

40

45

rom mem[0:65535]<0:7>;

The behavior of the system is described by state tran-
sition information and actions. The state transition in-
formation describes the control flow of the system. The
actions describe what happens at each state. The repre-
sentation of the state transition and action information is
described in the following sub systems.

State transitions are defined as either being direct or
conditional. Direct transitions are described by the fol-
lowing form:
<statel>:<state2>
where <statel> and <state2> are two state names.
Direct transitions are an unconditional transition from
statel to state2. This transition will always occur when
the system is in statel.

statements. These statements are described by the fol- 59  Conditional transitions are described by the follow-
lowing forms: ing form:

“data path” <list> < statel>:. <condition> <state2>

“data mask” <list> where <statel> and <state2> are the names of two
“rom” <list> states. < Condition> is the condition that must evaluate
“ram” <list> 55 to true in order for this transition to be made. The con-

where <list> is a list of definitions. These lists are
further described below.

Data Paths are defined in the “data path” statement.
Data paths are described by the following form:

dition is described as an AND function where signals
and their compliments are ANDed. Compliments are
shown by a “I” and ANDing is described by “*”. Some
sample conditions are shown below.

< pathname > ‘<’ < startbit >’ <stopbit > *>’ 60 a*b
< Pathname > is the name of the data path. < Startbit> IGT*EQ
and <stopbit> are the beginning and ending bit posi- dog*cat*!bird

tions of the path. Data Paths must be defined before
they can be used by the rest of the AAF.

External Connections behave just like data paths
except that they define an external connection to the
system. An external connection is described just like a
data path in the “data path” statement, except that it is

65

State actions consist of macros and assertions. Macros
are described by the following form:
< macroname > ‘.’ <instance > ‘(" < paramlist> )’
< Macroname > is the name of the macro such as ADD
or MOVE. <lInstance> is a unique number for each
instance of a macro. This allows distinctions to be made
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between the same macro at different states. <Paraml-
ist> is a list of zero or more parameter names separated
by commas. Macros describe the actions that are to be
taken when the system is at a given state. There are four
types of parameters that can be used in 2 macro: Bus,
Control, Signal, and Memory.

Bus parameters refer to the data paths or data mask
that the macro is applied to. The data path or data mask
must be defined in the appropriate statement at the top
of the file. Optionally, a bitfield may be specified in the
parameter list that will be used instead of the default of
using the entire bitrange of the data path.

Control parameters indicate control signals that are
necessary for the macro’s actions. Controls are defined
in the database definition of a macro and used by the
rules.

Signal parameters indicate outputs from the macro
that go to the controller to indicate the results of the
macro. Signals are also defined in the database defini-
tion of a macro. Memory parameters refer to a memory
that has been previously defined.

An example of the second part of an AAF is given.
This example together with the previous example forms
a complete AAF.

{

start: ads;

ads ift;

ift dec;

dec excstart;

excend: end;

end start;

ida excend;

sta excend;

add excend;

bra excend;

brp excend;

excstart . 22 Ida;

excstart 122*23 sta;

excstart 122%123%24 add;
excstart 122*%123%124*25%120 bra;
excstart 122%123*124*25*20 brp;
ads MOVE.1( iar, mar };

ads INCR.1(iar );

ift STORE. I{ mem, mar, mdata );
ift MOVE.2( mdata, ir );

dec MOVE.3( adr, mar );

dec DECODE.1(ir<10:15> );
ida STORE.2( mem, mar, mdata );
1da MOVE.4( mdata, acc );

sta LOAD.1( mem, mar, acc );
add STORE.3( mem, mar, mdata );
add ADD3.1( mdata, acc, sum );
add MOVE.5( sum, acc );

bra MOVE.&( ir<0:9>, iar );
tirp MOVE.7(ir<0:9>, iar );

BLATH

To design a VLSI system from a flowchart descrip-
tion of a user application, it is necessary to match the
functions in a flowchart with hardware cells or soft-
ware subroutines from the hardware cell library 61 or
the software subroutine library 62 (FIG. 2). This map-
ping preferably utilizes artificial intelligence techniques
since the selection process is complicated and is done on
the basis of a number of design parameters and con-
straints. The concept used for selection is analogous to
that used in software compilation. In software compila-
tion a number of subroutines are linked from libraries.
In the design of VLSI systems, a functional macro can
be mapped to members in the hardware cell library or
software subroutine library. BLATH uses a rule based
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expert system to select the appropriate hardware cell or
software subroutine to perform each action. If the hard-
ware cell library has a number of cells with different
geometries for performing the operation specified by
the macro, then an appropriate cell can be selected on
the basis of factors such as cell function, process tech-
nology used, time delay, power consumption, etc.

The knowledge base of BLATH contains informa-
tion (rules) for:
1) selection of macros
2) merging of two macros
3) mapping of macros to cells
4) merging two cells
5) error diagnostics

The above information is stored in the knowledge
base as rules. The first step of cell list generation is the
transformation of the flowchart description into a block
list. The block list contains a list of the functional blocks
to be used in the integrated circuit. The BLATH maps
the blocks to cells selected from the cell library, select-
ing an optimum cell for a block through the use of rules
in the knowledge base. The rules which are applied at
this point accomplish the following:
Map arguments to data paths
Map actions to macros
Connect these blocks

The rules used by BLATH have the following for-
mat: rule name

( condition 1)
( condition 2 )

( condition n )
then

(action 1)

( action 2 )

( action m ).

Exemplary of the rules used by BLATH are the fol-
lowing:

Rule 1
IF no blocks exist
THEN
generate a system controller.
Rule 2
IF a state exists which has a macro AND
this macro has not been mapped to a block
THEN
find a corresponding macro in the library
and generate a block for this macro.
Rule 3
IF there is a transition between two states AND
there are macros in these states using the same
argument
THEN
make a connection from a register corre-
sponding to the first macro to another register
corresponding to the second macro.
Rule 4
IF a register has only a single connection from
another register
THEN
combine these registers into a single register.
Rule 5
IF there are two comparators AND

input data widths are of the same size AND
one input of these is same AND
the outputs of the comparators are used to
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-continued TABLE 2
perform the same operation. Key Name Type Integrity Description
THEN . . . 1 cellid i4 >=0 cell identification
combine these comparators into a single com- 5 number
Rule 6 parator. cell_name cl2  alpha- cell name assigned
ule numeric by designer
’Ir};{EN there is a data without a register user_id 4> =0 n:cr id of the
owner of cell
allocate a register for this data. width i4>0 width of cell in
Rule 7 10 centi-microns
IF all the blocks have been interconnected AND height i4>0 height of cell in
a block has a few terminals not cornected centi-microns
THEN cif_name €20 unix file  name of the cif file
remove the block and its terminals, or name
issue an error message. technology _ 4 >=0 id of associated
Rule 8 id technology
IF memory is to be used, but a block has not been 19 test_id i4>=0 id of the test t00l(s)
created for it used
THEN macro_id 4 >=0 id of macro
create a memory block with data, address, function for cell
read and write data and control terminals. delay f4>0 max. prop. delay in
Rule 9 nano second
IF a register has a single connection to a counter 20 power i4>0 power consumption
THEN in micro watt
combine the register and the counter; net__name c20  unix file name of the netlist
remove the register and its terminals. name file
Rule 10 protection i4 >=0 flags for user,
IF there are connections to a terminal of a block 25 . . group, world prot.
from many different blocks times-used 4 >=0 co;.mts cell )
THEN reference quanmy
insert a multiplexor: date date date created
remove the connections to the terminals and
connect them to the input of the multiplexor; . .
connect the output of the 0 An example of a cell is shown below:
multiplexor to the input of the block.
cell_id 23
Additional rules address the following points: cell__name XIN02
remove cell(s) that can be replaced by using the outputs “wsied’;d :g‘“’
of other cell(s) 35 height 29
reduce multiplexor trees cif__name Y xinO2.cif
use fan-out from the cells, etc. techn%logy—id i
test_i
Database (tlrn;cro__id 3 \
. . . elay ..
The database 60 stores information relating to hard- 40 power 25
ware cells, software subroutines, macro functions, user net_name ;15“501“'“11
information, and the like. A database interface 65 is Bronection B811.10
provided to allow the system manager to make addi-
tions, deletions and modifications to the database. A . . . .
45  Each terminal for a cell is kept in a terminal table.

user table 66 maintains information for every valid user

of the ISSC system, including the user identification

name, number and password. In the hardware cell li-

brary 61 various types of data are stored for each cell,

including:

1) functional level information: description of the cell at
the register transfer level

2) logic level information: description and terms of flip
flops and gates

3) circuit level information: description at the transistor
level

4) layout level information: geometrical mask level
specifications

A cell table within the hardware cell library 61.contains

a record for each cell in the cell library. Every cell in

the cell table can be used as instance cell of a larger cell.

Once a cell becomes an instance of a larger cell, a data

dependency is created. Once this occurs, the contents in

the cell can not be altered until the data dependency is

eliminated. This information is kept in the attribute

“times_used”. The attributes of a cell as kept in the cell

table are summarized in Table 2:

Terminals can be signal, power or ground. The cell_id
determines which cell the terminal belongs to. In order
to uniquely identify the terminal, both cell_id and ter-
minal__id are required. More than one terminal per cell
can have the same terminal name but they are distin-
guished by the conjunction of cell _id and terminal _id.

The attributes of the terminal table are set forth in
Table 3.

TABLE 3
Key Name Type Integrity Description
1 cellid 4 >=0 cell identification number
2  terminal__  i4 >=0 terminal identification
id number
name c20  alpha- terminal name
numeric
type c5 alpha- terminal type (vdd, gnd,
numeric  signal)
layer c5 alpha- terminal layer (m1, poly,
numeric  diff)
direction cl Lr,tb terminal exit side
X i4 x coordinate of the terminal
y i4 y coordinate of the terminal
width 4 terminal width
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The cellref table contains the hierarchical cell struc-
ture. Using this table, it is possible to learn if a cell has
any parent, and therefore a data dependency. The attri-
butes of the cellref table are set forth in Table 4:

TABLE 4
Key Name Type Integrity Description
1 parent_id i4 >=0 cell id of the parent

2 childid i4 >=0 cell id of the child

3 instance_ i4 > =0 instance id to distinguish
id cells
X 4 x coordinate of the instance
y 4 y coordinate of the instance
MX i Boolean  True if inst. is mirrored in X
MY i2 Boolean True if inst. is mirrored in Y
RO i2 Boolean Rotation variable in X
R1 i2 Boolean Rotation variable in Y

Technology refers to a particular process run of a IC
foundry. For each entry in the technology table, there is
a set of cells that uses the technology (called cell li-
brary). Each record in this table is a unique process run
to not only within the foundry, but also within the cor-
poration. The attributes of the technology table are set
forth in Table 5 below:

TABLE 5
Key Name Type Integrity Description
1 technology_id 4 >=0 id that identifies tech-
nology
facility c20  alpha- name and location of fab
numeric  house
device cl0  alpha- CMOS, bipolar,
numeric HCMOS, GaAs, etc.
feature__size 4 >0 channel width of a tran-
sistor
no—metal i2 >=0 number of metals used
no__poly i2 >=0 number of polysilicons
used
well__type cl0  alpha- N-Well, P-Well, etc.
numeric

Every standard frame used for a specific technology
is described in the frame table. Frame table is related to
the technology table by the key technology_id. Each
frame must belong to one and only one technology,
while each technology can have many frames. Each
record in the frame table represents a frame. The attri-
butes of the frame table are set forth in Table 6 below:

TABLE 6
Key Name Type Integrity Description
1 frame_.id i4 >=0 id that identifies each
frame
2 technology_—id i4 >=0 id of corresponding tech-
nology
no_pads i2 >0 number of pads in the
frame
in__width i4 >=0 width of usable space in
frame
in_height i4 >=0 height of usable space in
frame
out_width i4 >0 total frame width with
pads
out_height i4 >0 total frame height with
pads

The software subroutine library 62 includes for each
microprocessor type, predefined software subroutines
which correspond to the macro functions which can be
implemented in software. Typical subroutines used in
ISSC are standard I/0 macros, data conversion macros,
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character conversion macros, and string manipulation
macros.

Every macro function used in categorizing a cell in
terms of its function is stored as a single record entry in
a macro table contained within the macro function li-
brary 63. Many cells within the cell library can be capa-
ble of performing the function of a macro. Each macro
in the table is uniquely identified by the key macro_id.
The attxibutes of the macro table are set forth in Table
7:

TABLE 7
Key Name Type Imegrity Description
1 macro_id 4 >=0 id that identifies each
macro
macroname ¢20 alpha- macro name describing
numeric  function
no_inputs i2 >=0 number of inputs in func-
tion
no_outputs  i2 >=0 number of outputs in func-
tion
description c80 sdl description
CONGEN

CONGEN 27 used the STF file from BLATH 24 to
design a PLA based system controller for the chip
which generates control signals to enable the respective
hardware cells or the microprocessor. The STF file is
translated to Boolean equations for PLA logic that
implements next state codes and output functions. A
unique code is assigned for each state by applying heu-
ristic rules for state assignment. The output of CON-
GEN is an input parameter file for automatic PLA
layout generation.

SOFTCOM

SOFTCOM 70 takes as input the STF file 26 created
by BLATH 24 and generates an assembly program
which is the monitor program for the microprocessor.
Some of the variables of this program are:
NUM_SHARED is the number of shared variables
between software and hardware
REG_ARRAY[0.. NUM_SHARED)] is a external
register array.

NUM_SUB is the number of software routines in the
system.

SHARED_VARS is an array of memory locations at
which the shared variables are stored.

change_flag: associated with each shared variable is a
flag which is set if that variable’s value is changed.

The program format is as follows:

D

set change_flag for shared variables to false.

2) get subroutine code from REG_ARRAY[0}
3) if code == 1 then call subroutine 1
if code == 2 then call subroutine 2
if code == NUM__SUB then call subroutine__num__sub
4) fori = 1 to NUM_SHARED do
{
if change__flag set then
move SHARED_VARS[i] TO REG_ARRAY[i)
}
5) transfer control to the system controller
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Design Example

This example illustrates the design approach em-
ployed in designing an application specific integrated
circuit which does simple computer graphics operations
such as translation, mirror image of X axis or Y axis, and
rotation. All of those operations are involved in matrix
multiplication with the transformation axis. The matrix
multiplication will be implemented in hardware to
speed up the process. FIG. 5 is a flowchart illustrating
a first software portion (software portion #1) of the
foregoing program which is to be processed by the
microprocessor subsystem within the target ASIC.
FIG. 6 is a continuation of the flowchart of FIG. 5 and
illustrates the remaining portion of software portion #1
as well as software portion #2 to be processed by the
microprocessor subsystem within the target ASIC, and
additionally shows the non-microprocessor hardware
subsystem within the target ASIC.

FIG. 7 is a block schematic diagram similar to the
general diagram of FIG. 3 but showing the components
which would be utilized in the above-noted specific
example. To avoid repetitive description, elements in
FIG. 7 which correspond to elements previously de-
scribed in connection with FIG. 3 will be identified by
the same reference characters with prime notation (')
added. The microprocessor subsystem 80’ contains
CPU 81' and RAM 82’ (main memory). The execution
code of software portions #1 and #2 (82a, 82b) are
stored in the main memory of microprocessor subsys-
tem. The data segment 82c contains the data to be pro-
cessed by both CPU and non-microprocessor hardware
subsystem. The data in data segment 82c are sent to data
registers via the system data bus 83'. The communica-
tion between microprocessor subsystem 80" and hard-
ware subsystem 90’ is coordinated by using interrupts.
After software portion #1 (82a) is executed, micro-
processor subsystem 80’ reads the status registers to see
if hardware subsystem 90’ is busy. If hardware subsys-
tem 90’ is idle, its status registers are set, and the hard-
ware subsystem 90’ is activated.

When hardware subsystem 90’ finishes the task, it
generates an interrupt signal to microprocessor subsys-
tem 80'. The interrupt is serviced by interrupt handler
82d. The main tasks of the interrupt handler include:
push contents of microprocessor subsystem 80’ registers

into stack.
transfer data from hardware subsystem 90’ to micro-

processor subsystem 80'.
reset the status register of hardware subsystem 90"
restore the contents of microprocessor subsystem 80’

registers from stack.
continue the execution of software portion #2 (825).

The execution flow of the entire flowchart (including
software and hardware portions) is as follows:

1. Microprocessor subsystem 80" executes the codes in

software portion #(824).

2. Microprocessor subsystem 80 activates hardware

subsystem 80’ by overwriting the status regisiers,

then sends the data to data registers.

Hardware subsystemn 90’ processes the data in data

registers

4. After hardware subsystem 90' processed the data, it
sends interrupt signal to microprocessor subsystem
80'.

. The interrupt handler 824 of microprocessor subsys-
tem 80" handles the interrupt, transfers the data from
data registers back to microprocessor subsystem, and
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resets the status registers. After the interrupt is pro-

cessed, the execution flow is returned to software

portion #2.

6. Microprocessor subsystem 80" executes the codes in
software portion #2.

7. Done.

As shown in FIG. 6, states 24-35 and conditions 9-11
are implemented in hardware subsystem to perform
multiply/accumulate operation. A multiplier and an
adder are used in state 28 to implement the multiply/ac-
cumulate operations. The blocks indicated as state 24,
state 25, state 27, state 29, state 32, and state 34 use
counters i, j, k, which have increment and clear capabil-
ities. In state 26 and state 31, temp is used as a temporary
register to store the intermediate result. State 30, state
33, and state 35 use a comparator. The result of the
comparison will affect the control flow which specified
in cond9, cond10, and cond11.

The execution flow of hardware subsystem is as fol-
lows:

1. Microprocessor subsystem sends a start signal to
hardware subsystem via system control bus.

2. All the data are loaded to data registers via system
data bus.

3. Loop counters i, j, and k are reset to zero initially.
Register temp is also reset to zero.

4. Multiply/Accumulate operation.

5. Increment the loop counters and check if the end of
the loops. If it is not end of the loops, go to step 3; else
exits the loops.

6. The result of multiply/accumulate operation is stored
in the output register that is connected to system data
bus.

7. An interrupt signal is sent to the microprocessor
subsystem via system control bus.

While the invention has been described herein with
reference to a specific embodiment, the description is
illustrative of the invention and is not to be construed as
limiting the invention. Various modifications and appli-
cations may occur to those skilled in the art without
departing from the true spirt and scope of the invention
as defined by the appended claims.

That which is claimed is:

1. A computer-aided design system for designing an
application specific integrated circuit from architecture
independent functional specifications for the integrated
circuit, whose intended function is implemented by
both a hardware subsystem including hardware elments
on the integrated circuit and by a software subsystem
including software instructions executed by a micro-
processor on the integrated circuit, comprising

input means operable by a user for defining architec-

ture independent functional specifications for the
application specific integrated circuit wherein at
least one of said architecture independent func-
tional specifications is free of indication that an
intended function of said integrated circuit is im-
planted on said hardware subsystem or said soft-
ware subsystem, and

computer operated means for translating the architec-

ture independent functional specifications into an
architecture specific structural level definition of
the integrated circuit, said computer operated
translating means comprising

means defining software instructions of the software

subsystem from the architecture independent func-
tional specifications, at least one of which is free of
indication that an intended function of said inte-
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grated circuit is implemented on said hardware
subsystem or said software subsystem,
means defining a microprocessor for executing the
software instructions of the software subsystem

18
intended function of the application specific inte-
grated circuit wherein at least one of said opera-
tions is free of indication that an intended function
of the integrated circuit is implemented or said

from the architecture independent functional speci- 5 hardware subsystem or said software subsystem,
fications, at least one of which is free of indication said specification input means including means to
that an intended function of said integrated circuit permit the user to specify for each operation in the
is implemented on said hardware subsystem or said defined series of operations a macro selected from
software subsystem, said macro library;
means defining hardware elements for executing the 10  a hardware cell library defining a set of available
hardware functions of the hardware subsystem integrated circuit hardware cells for performing
from the architecture independent functional speci- operations defined in said macro library wherein at
fications, at least one of which is free of indication least one of said operations is free of indication that
that an intended function of said integrated circuit an intended function of the integrated circuit is
is implemented on said hardware subsystem or said 15 implemented on said hardware subsystem or said
software subsystem, and software subsystem;
means defining interconnections between the micro- a software subroutine library defining a set of avail-
processor for executing the software instructions of able software subroutines for performing opera-
the software subsystem and the hardware elements tions defined in said macro library wherein at least
of the hardware subsystem. 20 one of said operations is free of indication that an
2. The system as defined in claim 1 wherein said intended function of the integrated circuit is imple-
architecture independent functional specifications are mented on said hardware subsystem or said soft-
comprised of a series of operations, and wherein said ware subsystem;
computer operated means comprises selection means for selecting from said hardware cell
a cell library defining a set of available integrated 25 library or from said software subroutine library for
circuit hardware cells for performing said opera- each macro specified by said specification input
tions; means, appropriate hardware cells or software
a software subroutine library defining a set of avail- subroutines for performing the operation defined
able software subroutines for performing said oper- by the specified macro wherein at least one of said
ations; and - 30 operations is free of indication that an intended
selection means for selecting from said cell library or function of the integrated circuit is implemented on
from said software subroutine library for each op- said hardware subsystem or said software subsys-
eration specified by said specification input means, tem, said selection means comprising an expert
appropriate hardware cells or software subroutines system including a knowledge base containing
for performing the operations specified by the 35 rules for selecting hardware cells from said hard-
functional specifications. ware cell library and software subroutines fiom
3. The system as defined in claim 2 wherein said said software subroutine library, and inference
selection means comprises an expert system including a engine means for selecting appropriate hardware
knowledge base containing rules for selecting hardware cells or software subroutines from said libraries in
cells from said cell library and software subroutines 40 accordance with the rules of said knowledge base.

from said software subroutine library, and inference
engine means for selecting appropriate hardware cells
or software subroutines from said libraries in accor-
dance with the rules of said knowledge base.

4. A computer-aided design system for designing an
application specific integrated circuit from architecture
independent functional specifications for the integrated
circuit whose intended function is implemented by both
a hardware subsystem including hardware elements on
the integrated circuit and by a software subsystem in-
cluding software instructions executed by a micro-
processor on the integrated circuit, comprising

a macro library defining a set of architecture indepen-

dent operations comprised of actions and condi-
tions wherein at least one of said architecture inde-
pendent operations is free of indication that the
operation is implemented on said hardware subsys-
tem or said software subsystem;

specification input means operable by a user for defin-

ing architecture independent functional specifica-
tions for the integrated circuit wherein at least one
of said architecture independent functional specifi-
cations is free of indication that an intended func-
tion of said integrated circuit is implemented on
said hardware subsystem or said software subsys-
tem, said architecture independent functional spec-
ifications being comprised of a series of architec-
ture independent operations which implement the

45

60

5. The system as defined in claim 4 wherein said
specification input means includes means to enable the
user, when specifying a macro selected from said macro
library, to define whether the macro function is to be
implemented in hardware or in software.

6. The system as defined in claim 4 additionally in-
cluding design constraint input means operable by a
user for defining design constraints for the application
specific integrated circuit.

7. The system as defined in claim 6 wherein said
design constraint input means includes means to enable
the user to define one or more design constraints for the
application specific integrated circuit selected from the
group consisting of annual volume, speed, size, pin
count, packaging type, power consumption, and ther-
mal stability.

8. The system as defined in claim 7 wherein said
knowledge base additionally contains design style rules
for selecting, based upon the design constraints, an opti-
mum design style for implementation of the hardware
subsystem.

9. The system as defined in claim 8 wherein said
design style is selected from the group consisting of
programmable logic device (PLD), gate array, standard
cell, and macro cell.

10. The system as defined in claim 6 wherein said
design constraint input means includes means to enable
the user to select, from a set of predefined available
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standard microprocessors, the particular microproces-
sor type to be utilized by the software subsystem.
11. The system as defined in claim 10 wherein said
software subroutine library includes sets of software

condition is implemented on said hardware subsys-
tem or said software subsystem, said flowchart
editor means, executing on said computer system,

20
including macro specification means, executing on
said computer system, for permitting the user to
specify for each architecture independent action or
condition represented in the flowchart a macro

subroutines corresponding to each available standard 5 selected from said macro library;
MiCroprocessor type. a hardware cell library, stored in said computer sys-
12. The system as defined in claim 6 wherein said tem, defining a set of available integrated circuit
knowledge base additionally contains design constraint hardware cells for performing the architecture
rules for selecting appropriate hardware cells or soft- independent actions and conditions defined in the
ware subroutines based upon the design constraints 10 macro library wherein at least one of said architec-
defined by said design constraint input means. ture independent actions and conditions is free of
13. The system as defined in claim 4 wherein said indication that the action or condition is imple-
specification input means comprises flowchart editor mented on said hardware subsystem or said soft-
means for creating a flowchart having elements repre- ware subsystem;
senting said series of actions and conditions. 15 asoftware subroutine library, stored in said computer
14. The system as defined in claim 4 wherein said - system, defining a set of available software subrou-
specification input means comprises means for receiving tines for performing the architecture independent
user input of a list defining the series of actions and actions and conditions defined in the macro library
conditions which implement the function of the applica- wherein at least one of said architecture indepen-
tion specific integrated circuit. 20 dent actions and conditions is free of indication that
15. The system as defined in claim 4 wherein said the action or condition is implemented on said
selection means comprises means for generating a netlist hardware subsystem or said software subsystem;
defining the microprocessor to be utilized by the soft- and
ware subsystem and the hardware cells to be utilized by selection means, executing on said computer system,
the hardware subsystem, and interconnection informa- 25 for selecting from said hardware cell library or
tion for interconnecting the microprocessor and the from said software subroutine library for each
hardware cells to perform the intended function of the macro specified by said flowchart editor means,
application specific integrated circuit. executing on said computer system, appropriate
16. The system as defined in claim 15 wherein said hardware cells or software subroutines for per-
selection means additionally includes control generator 30 forming the architecture independent action or
means for generating a controller and control paths for condition defined by the specified macro, and for
controlling operation of the microprocessor and the generating a netlist defining the microprocessor to
hardware cells selected by said cell selection means. be utilized by the software subsystem and the hard-
17. The system as defined in claim 15 additionally ware cells to be utilized by the hardware subsys-
including mask data generator means for generating 35 tem, and interconnection information for intercon-
from said netlist the mask data required to produce an necting the microprocessor for executing the soft-
integrated circuit having the specified functional re- ware subroutines and the hardware cells to per-
quirements. form the intended function of the application spe-
18. The system as defined in claim 4 additionally cific integrated circuit.
including software compiler means for generating soft- 40 20. The system as defined in claim 19 wherein said
ware operable by the microprocessor for performing selection means comprises a knowledge base containing
functions of the software subsystem. rules for selecting hardware cells from said cell library
19. A computer-aided design system for designing an and software subroutines from said software subroutine
application specific integrated circuit from a flowchart library, and inference engine means for selecting appro-
defining architecture independent functional require- 45 priate hardware cells or software subroutines from said
ments of the integrated circuit, whose intended function libraries in accordance with the rules of said knowledge
is implemented by both a hardware subsystem including base.

- hardware elements on the integrated circuit and by a 21. A computer-aided design process for designing, in
software subsystem including software instructions exe- a computer system, an application specific integrated
cuted by a microprocessor on the integrated circuit, 50 circuit from architecture independent functional specifi-
comprising cations for the integrated circuit, whose intended func-

a computer system; tion is implemented by both a hardware subsystem in-

a macro library, stored in said computer system, de- cluding hardware elements on the integrated circuit and
fining a set of possible architecture independent by a software subsystem including software instructions
actions and conditions wherein at least one of said 55 executed by a microprocessor on the integrated circuit,
architecture independent actions and conditions is comprising the following steps performed by said com-
free of indication that the action or condition is puter system:
implemented on said hardware subsystem or said storing in a macro library in said computer system, a
software subsystem; set of definitions of possible architecture indepen-

flowchart editor means, executing on said computer 60 dent actions and conditions wherein at least one of
system, operable by a user for creating a flowchart said architecture independent actions and condi-
having elements representing said architecture tions is free of indication that the action or condi-
independent actions and conditions wherein at least tion is implemented on said hardware subsystem or
one of said architecture independent actions and said software subsystem;
conditions is free of indication that the action or 65  storing in a hardware cell library in said computer

system, data describing a set of available integrated
circuit hardware cells for performing the architec-
ture independent actions and conditions wherein at
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least one of said architecture independent actions
and conditions is free of indication that the action
or condition is implemented on said hardware sub-
system or said software subsystem;

22

storing in a macro library in said computer system, a
set of macros defining possible architecture inde-
pendent actions and conditions wherein at least one
of said architecture independent actions and condi-

storing in a software subroutine library in said com- 5 tions is free of indication that the action or condi-
puter system, data describing a set of software tion is implemented on said hardware subsystem or
subroutines for performing the architecture inde- said software subsystem;
pendent actions and conditions wherein at Jeast one storing in a hardware cell library in said computer
of said architecture independent actions and condi- system, data describing a set of available integrated
tions is free of indication that the action or condi- 10 circuit hardware cells for performing the architec-
tion is implemented on said hardware subsystem or ture independent actions and conditions wherein at
said software subsystem; least one of said architecture independent actions
storing in an expert system knowledge base in said and conditions is free of indication that the action
computer system, a set of rules for selecting hard- or condition is implemented on said hardware sub-
ware cells or software subroutines to perform the 15 system or said software subsystem;
architecture independent actions and conditions storing in a software subroutine library in said com-
wherein at least one of said architecture indepen- puter system, data describing a set of available
dent actions and conditions is free of indication that software subroutines for performing the architec-
the action or condition is implemented on said ture independent actions and conditions wherein at
hardware subsystem or said software subsystem; 20 least one of said architecture independent actions
describing for a proposed application specific inte- and conditions is free of indication that the action
grated circuit a series of architecture independent or condition is implemented on said hardware sub-
actions and conditions which will implement the system or said software subsystem;
intended function of the application specific inte- storing in a knowledge base in said computer system,
grated circuit wherein at least one of said architec- 25 a set of rules for selecting hardware cells from said
ture independent actions and conditions is free of hardware cell library and software subroutines
indication that the action or condition is imple- from said software subroutine library to perform
mented on said hardware subsystem or said soft- the architecture independent actions and condi-
ware subsystem; tions defined by the stored macros wherein at least
specifying for each described architecture indepen- 30 one of said architecture independent actions and
dent action and condition of the series one of said conditions is free of indication that the action or
stored definitions from the macro library stored in condition is implemented on said hardware subsys-
said computer system which corresponds to the tem or said software subsystem;
desired architecture independent action or condi- describing for a proposed application specific inte-
tion to be performed; and 35 grated circuit a series of architecture independent
selecting from said hardware cell library stored in actions and conditions which carry out the func-
said computer system or from said software sub- tion to be performed by the hardware cells and
routine library stored in said computer system for software subroutines of the integrated circuit
each of the specified definitions, appropriate inte- wherein at least one of said architecture indepen-
grated circuit hardware cells of software subrou- 40 dent actions and conditions is free of indication that
tines for performing the desired function of the the action or condition is implemented on said
application specific integrated circuit. hardware subsystem or said software subsystem,

22. A process as defined in claim 21 wherein said step specifying for each described action and condition of
of selecting a hardware cell or a software subroutine said series a macro selected from the macro library
comprises applying to the specified definition of the 45 stored in said computer system which corresponds
action or condition to be performed, a set of cell selec- to the action or condition; and
tion rules and software subroutine selection rules stored applying rules of said knowledge base stored in said
in the knowledge base in said computer system. computer system to the specified macros to select

23. A process as defined in claim 21 including the from said hardware cell library stored in said com-
further step performed by said computer system of 50 puter system and from said software subroutine
generating a netlist defining the microprocessor and the library stored in said computer system, the hard-
hardware cells which are needed to perform the desired ware cells and software subroutines required for
function of the integrated circuit and the connections performing the desired function of the application
therebetween. specific integrated circuit.

24. A process as defined in claim 23 including the 55  26. A process as defined in claim 25 wherein said step
further step of generating from said netlist the mask data of describing a series of actions and conditions com-
required to produce an integrated circuit having the prises creating a flowchart comprised of elements repre-
specified functional requirements. senting actions and conditions.

25. A computer-aided knowledge based design pro- 27. A process as defined in claim 25 wherein said step
cess for designing in a computer system an application 60 of specifying a macro selected from the macro library
specific integrated circuit from architecture indepen- further includes defining whether the macro function is
dent functional specifications for the integrated circuit, to be implemented in hardware or in software.
whose intended function is implemented by both a hard- 28. A process as defined in claim 27 including the step
ware subsystem including hardware elements on the of generating software code for use by the microproces-
integrated circuit and by a software subsystem includ- 65 sor in performing the macro functions which are speci-

ing software instructions executed by a microprocessor
on the integrated circuit, comprising the following steps
performed by said computer system:

fied to be implemented in software.
29. A process as defined in claim 25 including defin-
ing one or more design constraints for the application

IPR2024-00566
Petitioner’s Exhibit 1009
Page 000019



5,197,016

23
specific integrated circuit selected from the group con-
sisting of annual volume, speed, size, pin count, packag-
ing type, power consumption, and thermal stability.
30. A process as defined in claim 29 wherein said

24
said step of specifying a macro selected from the
macro library further includes indicating, for at
least certain ones of the specified macros, that the
selection of whether the macro function is to be

. . . 5 implemented in hardware or in software is to be
knowledg base additionally cox?tams de51g.n style rulgs made by the computer system, and
for selecting, based upon the design constraints, an opti- wherein said knowledge base additionally contains
mum design style for implementation of the hardware implementation rules for determining the optimum
subsystem, and wherein said step of applying the rules implementation of macro functions either in the
of the knowledge base includes selecting, based upon 10 hardware subsystem or in the software subsystem,
the design constraints, an optimum design style for and . 1
implementation of the hardware subsystem. wherein said step of applying .th.e rules of the knowl-
31. A process as defined in claim 30 wherein said edge base includes determining, based upon the
- A proc erett implementation rules in said knowledge base, the
design style is selfected .from the group consisting of 5 optimum implementation of the macro function
programmable logic device (PLD), gate array, standard either in the hardware subsystem or the software
cell, and macro cell. subsystem.
32. A process as defined in claim 2§ wherein =k o ox o
20
25
30
35
40
45
50
55
60
65
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