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Abstract

HW/SW codesign is becoming an increasingly more interesting research field
because most practical systems consist of both HW andirSlis paper we
explore a bottom up HW/SW codesign stpteo irvesticate trade-dé in time
behaior and area. A comparison of hame and softare implementations of

low level modules is gien. A first prototype implementatiorteacts time and area
criteria analyzing the sofiave code generated.

1.0 Introduction

At present, hardare and softare are mostly deloped independenthiAs a consequence there is little
opportunity to optimize both hardre and softare togetheMoreover, it is also dificult to reason about

a complete system (i.e. simulatiorrwication). These problems\yebeen emphasized recently by-se
eral trends such as increasing comipjeand increasing “personalization” of systems in saftwv Thus,
HW/SW codesign is a research area ofxgng importance. One basic approach can be characterized by
identifying and implementing sofewe parts which consume high computing resources (usually time) in
hardware [Henk92]. The dual approach seeks to identify coxgylstem parts which are good candidates
to be implemented in sofawe [Gupt92].

Our goal is to deelop methods and criteria for the partitioning of such systems into adrargart and a
software part. W chose a stragg that distinguishes geral abstract kels. The main kels considered

here are hardare (typically a computer and special purpose hardyy machine language (assembler),
programming language (C, C++), application modules (functions, procedures, methods) and whole appli-
cations (e.g. a compiler). Thesedés are gamined bottom-up. At eachve trade-ofs in performance

and complgity are xamined by muing software primitves (diferent at each \el, e.g. instructions,
programing language constructs, functions) into hardwFigurel).

Notice that we ignorexglicit support softwre such as the operating system or communication sub-
systems; this wuld complicate the approach too much and gogsrukour initial goals. This paper pre-
sents results of HW/SW tradef®fat each of thesevels and attempts to delop initial guidelines for
partitioning. The rest of the paper isganized as follows. Our HW/SW codesign emonment is
described nd. Chapter3.0 introduces a base for HW/SW comparison and chab@points out trade-
offs found transforming elements of thefelient levels into hardwre. The paper ends stating some con-
clusions
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FIGURE 1. Levels of abstraction

2.0 HW/SW Codesign Emironment

Among the man architectural choices for HW/SW implementations we choseengnicroprocessor
with additional hardware attached to it, i.e. a “coprocessor”. The welMkmaparc [Cyp90] architecture
is based on a peerful general purpose processor andvedl@ wide wariety of configurations andcken-
sions, e.g. additional cache units, one floating point processor and one additional coprycstaadard
configuration is shen in Figure2.

Due to our chosen architecture we used a sparc bas&dtation (ELC) and the GNU [Stal92] compiler
for primary research garding the softare part of a design.

3.0 Comparison of Hardvare- and Softwae Designs

Hardware designs implemented in the same technology can in principle be compared. Criteria used for
comparison of synchronous harale designs are size (area) and time (delay). Furthermore, testability
design time and probably wer consumption must be &k into account.

Software applications arevaluated by the amount of source code (lines of code), the size okihé-e

able code (specific for awgin compiler machine and operating system) and the necessary data size. The
runtime is mostly data and system dependent. Othemdalyes such as ease of changes (programmabil-
ity), support, etc. are not considered here.

The criteria for hardare and softare described abe are ery different and do not aWe direct compar-
isons of mixed systems. & our HW/SW codesign awtties we define a basic comparison restricted to
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FIGURE 2. Standard configuration of a spac architecture [Cyp90]

the two factors area and time. In thexhévo subsections wexplain hav to obtain this data for harcse
and softvare.

3.1 Area

We decided to use an absolute measure unif-X to compare the area of designs. Thisvedl@o imple-
ment parts of the design in ftifent hardware technologies and also in scdne. There are some defini-
tions necessary which are describextne

3.1.1 Hardware

Hardware today is often described by a HDIChe description is synthesized and implemented inengi
technology e.g. CMOS. dols denve synthesis results which are presented inynafiferent forms and
on different abstraction \els (i.e. modules, aes, cells, transistors). Usually the wiring area is only
included in the final layout. ®decided to takthe actie area into account including all modules ard re
isters. V¢ map areas to a CMOSL2 standard library [Miet04] which alles to compute an absolute
area. ler the purpose of comparing this in an “standard” area.

1. HardwareDescriptionLanguage
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3.1.2 Softwae

The more dificult part is to define the area of a saftey implementation. At this point our particular
architecture becomes importante\dssume that there is a general purpose machine whitknsled by
some special hardwe. The diierence found by mong parts of the softare into hardware can be mea-
sured by the diérent amount of used memory

Tablel shavs the characteristics of a 4MB memory circuit in A& technology [Naka92]. The chip

Feature Characteristic
Organization IMx 4
I/O Interface TTL
Power single 3.3V

Cell size 1.43um x 3.04um

Chip size 6.2 mm x 10.6 mm

Design 0.5um

TABLE 1. Characteristics of a 4 MB memory chip

size (65.72 m?r) includes the area of control and wiringallBwing our concept, using general purpose
hardware, we suppose there is memorgikable. Hence use of memory is measured by the memory cells
area onlyThe control hardare will not be tagn into account, since it is needeghwaay in a system with
memory (This agument does not hold 100%ytht is a &ir approximation for “small “ softare.) The
area is gien by cell sizes, 13pm2 per 32 bit vord. Notice that the technology used for our memory is
significantly smaller than the technology used for the “custom” remelichapter3.1.1). This is usual
practice.

3.2 Time

Synchronous systems are controlled by clock signals. The gfotk ttme depends on the chip technol-
ogy and the system configuration. This rekatime base can be identified easily fofatiént architec-
tures. Hence we measure time by an approximation of the requeedten gcles, both for softare
and hardware. This assumes also that the processor and the additionahteatshe a common clock, and
that the additional hardave does not sko down this clock (i.e. it is asabt or &ster than the processor).
Note that processors are usuabyrlfy fast, so this assumption does notste” speed in the additional
hardware.

3.2.1 Hardware

Our chosen architecture is controlled by a 33 MHz clock rate. The special purposarbasdvontrolled

by the same clock. This must be imposed as a constraint to the scheduler to limit the amount of chaining.
Trade-ofs which may be found by comparing systems with special purposedrardentrolled by clock

rates with multiple frequencies are netlkiated at this point. The number gtles is computed during
scheduling in high leel synthesis. W used thealues published by HIS [Camp91] to compute the num-

ber of gcles used by the haréwe.
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3.2.2 Softwae

The time to gecute a softare part can be approximated by the number of machine instructions needed
times the werage number ofycles talen per instruction. RISE processors reach nearly areeution

rate of one instruction pegcle [Cyp90] computing sequences of instructions. Control instructions (i.e.
jump, interrupts, traps, etc.)ver this rate because of pipeline hazards. Also floating point operations
usually need more than one machigele.

We examine the assembler code generated by the GNU “C”"-compiler [Stal92]. Our static analysis com-
putes the number of instructions used and the number of/cfas meeded forxecution on a sparc archi-
tecture. Cycle computation includes some pipelifiecef and the parallelism of instruction and floating
point unit. In addition the amount of allocated data is summarized and a small statistic of used instruction
types is computed. This leads to a more detailed approximatiorecditeon time than is gén by the
average instructionxacution time. @ble2 partly lists the number ofycles we tak into account per
instruction. Note that for small sofare pieces thevarage number ofycles per instruction is not a good
measure ayway. (Since the instruction mix is not represen@&l)i Morewer, cache décts can often be
neglected completely since the code may fit into the cache.

For lage applications cachaudlts must be considered [Smith82], [Smith86], [GoodB&3. are extend-
ing our software to consider also cache and memory access more exactly.

Floating
Instruction Cycles Point Cycles
Instruction

conditional jump 2 FADDs
unconditional jmp 3 FCMPs 4
load 2 FDIVs 23
load double floating point 3 FDIVd 37
store 3 FSOR's 34
arithmetic/logical 1 FSQRd 63

TABLE 2. Instruction cycle count [Cyp90]

4.0 Trade-Offs

4.1 Assembler Leel

The assembler el is defined by the instruction set of the proceddary different instruction sets are
known and can be grouped faxaenple into the tw catgories of RISC- and CIS?(Iiesigns minimizing
either execution time per instruction or number of instructions per intended action. The used instructions

1. ReducednstructionSet Computer

2. Complex InstructionSet Computers
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are counted and the instructioxeeution time is set into relation to the frequen€tuse in order to define

an optimal instruction set §&90]. This has generated fotaenple the trend to RISC-architectures. Con-
sidering HW/SW codesign at thisvkd moving short sequences of instructions to hadbwcan be com-

pared with designing instruction sets. Thus the granularity of elements is rather fine and the
improvements may be consumed by thensty dovn of all instructions. Instruction set design is an old
discipline [Lund77], [kem67] and we do nokpect dramatic impnements for HW/SW codesign at

this level.

4.2 Programming Language Level

Raising the leel of abstraction né programming languages\eato be gamined. Their constructs are
implemented by sequences of machine instructions generated by the corhpier sequences aregiar
than those which are necessary to implement compkchine instructions. /chose the well kinn
language “C” for an illustrate analysis. Its more compleonstructs can be grouped into four classes:
assignment, comparison, call and control. Starting from the aa@ftpoint of viey, the implementation of
these constructs ixamined.

» Assignment

Assign constructs can be distinguished by the assigaleé Yconstant,ariable, implicit gien \alue).
The softvare implementation needs at least thiygtas, whereof tw are used for data transfers.

« Comparison

The number of needegdes for this basic construct depends on the types of compaltexbyThe stan-
dard constant zero is implemented by the compiler in the sayé&wan a user defined constant. The data
transfer is here also the dominaptie consumerTypical g/cle amounts range from 3 to 5.

« Call

Function calls are frequent in sofive implementations. Thduild the interice to softwre blocks used
multiple times. The basic call without returalwe and without parameters requires fiycles which are
necessary to store (restore) the stackpointer angettute the jump-instruction. Additionayaes are
introduced to handle the parameters and the retlrevThis is already supported by haadev The
sparc-processor usegjigter windaving, which allavs eficient exchange of parameters. Notice that this
is the programmers (compilers) point ofwigzhich may be called the best case. The limited number of
available rgister windavs implies some operation system atigs if a windav overflow occurs.

A drawback of Sparc-architectures iswlthandling of certain data typesorexample a call that returns
an eight bit @lue requires 2 additionaycdes.

e Control

The simple control constructs (if-then-else) are based on compare constructs and jump-instructions.
Compiler optimization will eliminate the code sequences entered inf(@sd he more complecontrol
constructs define loops (fowhile). A substitution of these constructs by basic constructs discussed
before leads to the same amountyafles.

Figure3 displays this result. The dark area marks tleeage of the basiaviant of all five catgories and
gives an impression of elements granularity at tivslle
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The conclusion at this point is thatem constructs of an abstract programming language are so simple
that the gecution is basically done in three todfigpu-gcles. Een this amount is mainly caused by data
transfers. An implementation by harake would result in a computer architecture which slighdgands

the cpus instruction set (at thexgense of increased hardiwe complgity).
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inta=0 | a==0 voidf() if-then i for of “C”
a=12{ a==C | void f (int) tif-then-else : while ... do
ak+ a=Fb  intf() if (0)theén do ... while
: : int*f () if (1):ithen
char f () |
char*f () ; switch [8]
assign icompare call i control : loop

FIGURE 3. Implementation of C-constructs

There is only one more construct which maywlimme @in in hardvare.

e Switch

The switch construct is more complé&igure3 shavs the use of 29 instructions for eightfeient cases.

This result depends on the chosen algorithm to implement this construct. Most compilers apply three dif-
ferent stratgies with respect to the intevin which the casealues are spread and the number of possi-
bilities which may be chosen. The compiler uses nestingn-else constructs to implement the switch
construct if there are only awecases to distinguish. Decision trees are preferred if the ehses\are

widely spread. The third algorithm deals with maases. The tget addresses of each cagastruction
sequence is stored in an address table and the algorithm computes thesadidias# this table. This
explains the amount of necessary instructions.

A typical switch construct is gén in Figured. The break is necessary in each casedaaide efiects,
i.e. xecution of seeral cases during one loop.
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switch (int A)

{
case O: { sequence of C-commands}  break;
case 10: { sequence of C-commands}  break;
case 20: { sequence of C-commands}  break;
case n: { sequence of C-commands}; break;
}

FIGURE 5. Standard switch construct

The outline of a hardare implementation restricted to 8 cases (includingudgfis shavn in Figure5.

The raisters linked to the data inputs can be load from memory with theaieleaddresses during run
time. This basic descriptionag synthesized and compared with the saftwmplementation (the “case”

entry in Table3, Table5, Table6). Considerable time impvements are found, if no communication
overhead is tadn into account, mgecting the rgister load gcles. It is relgant for fixed jump addresses,

i.e. either hardwired or loaded once feegwhich is probably the case in small applications. In thestv

case all rgisters must be load in sequence while the cpwaitng. This \alues are gien in parentheses

and the time impnement is rather small. Hence there is little use of adding case-coprocessors to the
given hardvare..

Integer
Unit
A
MUX
Dn D'| Dﬁ D7
See.
Data Bus

FIGURE 5. Hardware implementation of standard switch construct

4.3 Softwae-Module Level

Most programming languages alldhe structuring of code sequences in procedures and functions (i.e.
“modules”). At this leel we examined modules defined by source code functiores ciwerted some
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small benchmarks [Ben92]wgin in VHDL to C. This allas the comparison of hardne and softare
implementation. &r hardvware implementation the results reported by the HIS system [Camp91] of IBM
were used here and normalized aplained in chapter3.0. The greatest commonvidior (gcd) vas
implemented for four bit, the dédg and the elliptic filter for 16 bit. Also the synthesis results of the
switch construct are g&n. Table3 lists the area of the hardve implementation of thisxamples.

Benchmark Area
mn?
gcd 0.77
diffeq 12.96
elliptickF 12.0
case 6.5

TABLE 3. Ar ea of hardvare designed benchmarks in Plm CMOS technology standard cells

In comparison to this we g the area of some well kiwa processors from Ht90] in Table4.

Processor Area

mm?
Sparc 56

Intel 80486 160
MIPS R3000 72
Motorola 88100 81

TABLE 4. Area of common pocessors in ceramic PGA technology

Time and area for the sofane implementation of thesgaamples are computed as defined in chaftér
and summarized inable5 together with the results of hardie implementations. The time comytg

of the hardware implementation is based on path based scheduling. Restrictions vegrdogidifeq
(function units limited to 1 addel substractor and 2 multipliers) and for elliptic filter (function units
limited to 1 adder and 1 substractor).

Here first trade-d$é of maving software into hardware can be identified. Considerable time improents

of 4 to 30 times are achied. It has to be mentioned that this holds for one iteration of all loops in the
module. Each further iteration may raise this the number of iterations cannot be determined by source
code gamination because it is mostly data dependent and nairkabcompile time.

Area comparisonaflces another problem caused by the bit width of the l@edmodules. The corre-
sponding softa@re implementation ales a common width of 32 bits, while harare implementations
are mostly smallettailored to the real problem (4 bits for the gcd, 16 bits fdeglind ellipticF). The
area of n-bit data paths implemented by bit-slice-Bkructures can be easily computed by multiplying
the area of one bit slice by the widtlable6 lists the design tradefeffor the gven examples for time
and area. The approximated area of the moduten@ed to 32 bit data path is listeckcit.
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Area o_f Area_ of SW Ayerage Time o_f
Senchmar| *1 teson| agplcaon | fme o | Sl appca
*103 *103 in cycles cycles
ged 770 7.3 25 84
diffeq 12,960 10.9 5 144
elliptick 12,000 221 13 312
case 6,541 5.9 1 (10) 44
TABLE 5. Benchmarks implemented in HW and SW
Benchmark Area Area Time Ir?s?:zjté(t)ilc;n
HW/SW | HW/SW3, | SW/HW (%)
gcd 105 840 33.6 18.8
diffeq 1188 2376 28.8 2.53
elliptick 542 1084 24 1.2
case 1108 1108 44 (4.4) 29

TABLE 6. HW-SW trade-off

These gamples can be classified considering the number of control instructions used. The percentage of
jump instructions is gien in Table6. Correlating thesealues with the time impk@ments our prelimi-

nary results seem to point out that control dominated modules are better HW/SW codesign candidates.
Notice that this tendegds clearly seen for the caseaenples best case.

Considering area the hardre implementation requires nearly 1000 times as much as thaisoitaple-
mentation. On the other hand, the size of the additional laaedeompared to the processoral€4) is
relatvely small. If the communication between haedes and softare parts which requires additional
clock gscles is takn into account the impvement is lavered to about 10% Xample case). Hence
improvements in system design wiog parts from softare to hardare can only bexpected at higher
levels. To introduce HW/SW codesign in highv/éd synthesis at least the aspects mentionedealmust
be examined.

4.4 Softwae-Application Level

Software applications may consist ofveeal softwvare modules. Usually libraries are used. Especially
system dependent functions, input and output routines, etc. arevailpble as compiled librarye

have to extend our verkbench to kamine also softare aailable only as object code. On thisdeonly

few actvities can be found. A sofve oriented approach to synthesize embedded controllers from C
[Ernst90] applies runtime analysis. Using runtime restrictions to determine what to implement in hard-
ware leads to a ddrent kind of HW/SW codesign mutition. Another approach starting from an initial
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hardware design [Gupt92] implements data dependent loops inageftWhe choserxample, a ethernet
coprocessorwas successfully implemented with a haagev reduction of about 20 percente Wil
emphasize applications which are often used in a standard system. E.g. the blitter [Ben92] is a coproces-
sor to perform special data access. Thample will allov to examine HW/SW codesign specific module
definitions. An gen more compbeapplication will be a restricted compiler

For preliminary research wexamined a compiler which accepts a subset of ALGOL [Lin77] and gener-
ates assembler code. This application is implemented by nearly 650 lines of C-eddd.tWs into our

tool for source codexamination (chapte.2.2) and etracted a control dominated module. Therefore a
hardware implementation as generated and compared with the approximated runtime of tharsoftw
implementation. The results are briefly summarized bello

This restricted compiler consists out of 47 modules withvanage percentage of control instructions of
10.7% and a maximal percentage of 27.8%. The most control dominated module (27.8%) is called during
a compilation of a program to compute prime numbers 1196 times. It consists agrafitstatements.

We corverted this into a standasivitch construct and mapped it onto the haadsvimplementation
described in Figuré adding some logic of comparable small size (55 cells, 18@6#) Comparing

the eecution time of the hardave and softare implementation of this module a speedup of 56 times is
reached by introducing hardwne. This is consistent with the results found on saftwnodule teel.

We are implementing a non recwesirestricted compiler in sofawe and generating a harane imple-
mentation to compare them. Approaches designing high performance architectures to digienttyef
the C programming language such e.g. CRISC [Ditz8#ligecoptimized hardare designs which ges
good guidance in this field.

5.0 Conclusion and Futue Work

In this paper wexamined the trade-fsf in HW/SW codesign at ddrent levels. A way of comparing
hardware- and softare designs is definedralle-ofs are found only at the sofare module teel and

above. Further research concerning the applicatioelles under vay. Design descriptions are trans-
formed into the ISF synthesis format [Camp93] whichvedl@ more detailedkxamination such as syn-

thesis in hardare and softare of lager modules and applications. Additional aspects must also be
considered, e.g. separation of control and arithmetic part and the definition of modules characteristics that
indicate an adantageous implementation in either haadevor softvare.
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