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Abstract

HW/SW codesign is becoming an increasingly more interesting research field
because most practical systems consist of both HW and SW. In this paper we
explore a bottom up HW/SW codesign strategy to investigate trade-offs in time
behavior and area. A comparison of hardware and software implementations of
low level modules is given. A first prototype implementation extracts time and area
criteria analyzing the software code generated.

1.0  Introduction
At present, hardware and software are mostly developed independently. As a consequence there is little
opportunity to optimize both hardware and software together. Moreover, it is also difficult to reason about
a complete system (i.e. simulation, verification). These problems have been emphasized recently by sev-
eral trends such as increasing complexity and increasing “personalization” of systems in software. Thus,
HW/SW codesign is a research area of growing importance. One basic approach can be characterized by
identifying and implementing software parts which consume high computing resources (usually time) in
hardware [Henk92]. The dual approach seeks to identify complex system parts which are good candidates
to be implemented in software [Gupt92].

Our goal is to develop methods and criteria for the partitioning of such systems into a hardware part and a
software part. We chose a strategy that distinguishes several abstract levels. The main levels considered
here are hardware (typically a computer and special purpose hardware), machine language (assembler),
programming language (C, C++), application modules (functions, procedures, methods) and whole appli-
cations (e.g. a compiler). These levels are examined bottom-up. At each level trade-offs in performance
and complexity are examined by moving software primitives (different at each level, e.g. instructions,
programing language constructs, functions) into hardware (Figure1).

Notice that we ignore explicit support software such as the operating system or communication sub-
systems; this would complicate the approach too much and goes beyond our initial goals. This paper pre-
sents results of HW/SW trade-offs at each of these levels and attempts to develop initial guidelines for
partitioning. The rest of the paper is organized as follows. Our HW/SW codesign environment is
described next. Chapter3.0 introduces a base for HW/SW comparison and chapter4.0 points out trade-
offs found transforming elements of the different levels into hardware. The paper ends stating some con-
clusions
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2.0  HW/SW Codesign Envir onment

Among the many architectural choices for HW/SW implementations we chose a given microprocessor
with additional hardware attached to it, i.e. a “coprocessor”. The well known sparc [Cyp90] architecture
is based on a powerful general purpose processor and allows a wide variety of configurations and exten-
sions, e.g. additional cache units, one floating point processor and one additional coprocessor. A standard
configuration is shown in Figure2.

Due to our chosen architecture we used a sparc based workstation (ELC) and the GNU [Stal92] compiler
for primary research regarding the software part of a design.

3.0  Comparison of Hardware- and Software Designs
Hardware designs implemented in the same technology can in principle be compared. Criteria used for
comparison of synchronous hardware designs are size (area) and time (delay). Furthermore, testability,
design time and probably power consumption must be taken into account.

 Software applications are evaluated by the amount of source code (lines of code), the size of the execut-
able code (specific for a given compiler, machine and operating system) and the necessary data size. The
runtime is mostly data and system dependent. Other advantages such as ease of changes (programmabil-
ity), support, etc. are not considered here.

The criteria for hardware and software described above are very different and do not allow direct compar-
isons of mixed systems. For our HW/SW codesign activities we define a basic comparison restricted to
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the two factors area and time. In the next two subsections we explain how to obtain this data for hardware
and software.

3.1  Area
We decided to use an absolute measure unit (µm2) to compare the area of designs. This allows to imple-
ment parts of the design in different hardware technologies and also in software. There are some defini-
tions necessary which are described next.

3.1.1  Hardware

Hardware today is often described by a HDL1. The description is synthesized and implemented in a given
technology, e.g. CMOS. Tools derive synthesis results which are presented in many different forms and
on different abstraction levels (i.e. modules, gates, cells, transistors). Usually the wiring area is only
included in the final layout. We decided to take the active area into account including all modules and reg-
isters. We map areas to a CMOS 2µm standard library [Miet04] which allows to compute an absolute
area. For the purpose of comparing this in an “standard” area.
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FIGURE 2. Standard configuration of a sparc architecture [Cyp90]
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3.1.2  Software

The more difficult part is to define the area of a software implementation. At this point our particular
architecture becomes important. We assume that there is a general purpose machine which is extended by
some special hardware. The difference found by moving parts of the software into hardware can be mea-
sured by the different amount of used memory.

Table1 shows the characteristics of a 4MB memory circuit in 0.5µm technology [Naka92]. The chip

size (65.72 mm2) includes the area of control and wiring. Following our concept, using general purpose
hardware, we suppose there is memory available. Hence use of memory is measured by the memory cells
area only. The control hardware will not be taken into account, since it is needed anyway in a system with
memory. (This argument does not hold 100%, but it is a fair approximation for “small “ software.) The
area is given by cell sizes, 139µm2 per 32 bit word. Notice that the technology used for our memory is
significantly smaller than the technology used for the “custom” hardware (chapter3.1.1). This is usual
practice.

3.2  Time
Synchronous systems are controlled by clock signals. The clock cycle time depends on the chip technol-
ogy and the system configuration. This relative time base can be identified easily for different architec-
tures. Hence we measure time by an approximation of the required execution cycles, both for software
and hardware. This assumes also that the processor and the additional hardware use a common clock, and
that the additional hardware does not slow down this clock (i.e. it is as fast or faster than the processor).
Note that processors are usually fairly fast, so this assumption does not “waste” speed in the additional
hardware.

3.2.1  Hardware

Our chosen architecture is controlled by a 33 MHz clock rate. The special purpose hardware is controlled
by the same clock. This must be imposed as a constraint to the scheduler to limit the amount of chaining.
Trade-offs which may be found by comparing systems with special purpose hardware controlled by clock
rates with multiple frequencies are not evaluated at this point. The number of cycles is computed during
scheduling in high level synthesis. We used the values published by HIS [Camp91] to compute the num-
ber of cycles used by the hardware.

Feature Characteristic

Organization 1M x 4

I/O Interface TTL

Power single 3.3V

Cell size 1.43µm x 3.04µm

Chip size 6.2 mm x 10.6 mm

Design 0.5µm

TABLE 1. Characteristics of a 4 MB memory chip
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3.2.2  Software

The time to execute a software part can be approximated by the number of machine instructions needed
times the average number of cycles taken per instruction. RISC1- processors reach nearly an execution
rate of one instruction per cycle [Cyp90] computing sequences of instructions. Control instructions (i.e.
jump, interrupts, traps, etc.) lower this rate because of pipeline hazards. Also floating point operations
usually need more than one machine cycle.

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 cpu cycles needed for execution on a sparc archi-
tecture. Cycle computation includes some pipeline effects 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 approximation of execution time than is given by the
average instruction execution time. Table2 partly lists the number of cycles we take into account per
instruction. Note that for small software pieces the average number of cycles per instruction is not a good
measure anyway. (Since the instruction mix is not representative.) Moreover, cache effects can often be
neglected completely since the code may fit into the cache.

For large applications cache faults must be considered [Smith82], [Smith86], [Good83]. We are extend-
ing our software to consider also cache and memory access more exactly.

4.0  Trade-Offs

4.1  Assembler Level
The assembler level is defined by the instruction set of the processor. Many different instruction sets are
known and can be grouped for example into the two categories of RISC- and CISC2 designs minimizing
either execution time per instruction or number of instructions per intended action. The used instructions

1. ReducedInstructionSetComputer

2. Complex InstructionSetComputers

Instruction Cycles
Floating

Point
Instruction

Cycles

conditional jump 2 FADDs 5

unconditional jmp 3 FCMPs 4

load 2 FDIVs 23

load double floating point 3 FDIVd 37

store 3 FSQRTs 34

arithmetic/logical 1 FSQRTd 63

TABLE 2. Instruction cycle count [Cyp90]
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are counted and the instruction execution time is set into relation to the frequency of use in order to define
an optimal instruction set [Patt90]. This has generated for example the trend to RISC-architectures. Con-
sidering HW/SW codesign at this level moving short sequences of instructions to hardware can be com-
pared with designing instruction sets. Thus the granularity of elements is rather fine and the
improvements may be consumed by the slowing down of all instructions. Instruction set design is an old
discipline [Lund77], [Keem67] and we do not expect dramatic improvements for HW/SW codesign at
this level.

4.2  Programming Language Level
Raising the level of abstraction next programming languages have to be examined. Their constructs are
implemented by sequences of machine instructions generated by the compiler. These sequences are larger
than those which are necessary to implement complex machine instructions. We chose the well known
language “C” for an illustrative analysis. Its more complex constructs can be grouped into four classes:
assignment, comparison, call and control. Starting from the software point of view, the implementation of
these constructs is examined.

• Assignment

Assign constructs can be distinguished by the assigned value (constant, variable, implicit given value).
The software implementation needs at least three cycles, whereof two are used for data transfers.

• Comparison

The number of needed cycles for this basic construct depends on the types of compared values. The stan-
dard constant zero is implemented by the compiler in the same way than a user defined constant. The data
transfer is here also the dominant cycle consumer. Typical cycle amounts range from 3 to 5.

• Call

Function calls are frequent in software implementations. They build the interface to software blocks used
multiple times. The basic call without return value and without parameters requires five cycles which are
necessary to store (restore) the stackpointer and to execute the jump-instruction. Additional cycles are
introduced to handle the parameters and the return value. This is already supported by hardware. The
sparc-processor uses register windowing, which allows efficient exchange of parameters. Notice that this
is the programmers (compilers) point of view which may be called the best case. The limited number of
available register windows implies some operation system activities if a window overflow occurs.

A drawback of Sparc-architectures is slow handling of certain data types. For example a call that returns
an eight bit value requires 2 additional cycles.

• Control

The simple control constructs (if-then-else) are based on compare constructs and jump-instructions.
Compiler optimization will eliminate the code sequences entered in caseif(0). The more complex control
constructs define loops (for, while). A substitution of these constructs by basic constructs discussed
before leads to the same amount of cycles.

Figure3 displays this result. The dark area marks the average of the basic variant of all five categories and
gives an impression of elements granularity at this level.
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The conclusion at this point is that even constructs of an abstract programming language are so simple
that the execution is basically done in three to five cpu-cycles. Even this amount is mainly caused by data
transfers. An implementation by hardware would result in a computer architecture which slightly expands
the cpu’s instruction set (at the expense of increased hardware complexity).

There is only one more construct which may allow some gain in hardware.

• Switch

The switch construct is more complex. Figure3 shows the use of 29 instructions for eight different cases.
This result depends on the chosen algorithm to implement this construct. Most compilers apply three dif-
ferent strategies with respect to the interval in which the case-values are spread and the number of possi-
bilities which may be chosen. The compiler uses nestedif-then-else constructs to implement the switch
construct if there are only a few cases to distinguish. Decision trees are preferred if the case values are
widely spread. The third algorithm deals with many cases. The target addresses of each case’s instruction
sequence is stored in an address table and the algorithm computes the address’s place in this table. This
explains the amount of necessary instructions.

A typical switch construct is given in Figure4. The break is necessary in each case to avoid side effects,
i.e. execution of several cases during one loop.

 Time

int a=0
a=12

a++

a==0
a==C

a==b

void f ()
void f (int)

int f ()
int* f ()

char f ()
char* f ()

if-then
if-then-else

if (0) then
if (1) then

for
while ... do

do ... while

switch [8]

1
3
5
7
9

11
13
15
17
19
21
23
25
27
29
31

Cycles

assign controlcall loopcompare

Executiontime for Language Constructs

Compiler: GNU
Machine : Sparc_4

Constructs
of “C”

FIGURE 3. Implementation of C-constructs
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The outline of a hardware implementation restricted to 8 cases (including default) is shown in Figure5.
The registers linked to the data inputs can be load from memory with the relevant addresses during run
time. This basic description was synthesized and compared with the software implementation (the “case”
entry in Table3, Table5, Table6). Considerable time improvements are found, if no communication
overhead is taken into account, neglecting the register load cycles. It is relevant for fixed jump addresses,
i.e. either hardwired or loaded once for ever, which is probably the case in small applications. In the worst
case all registers must be load in sequence while the cpu is waiting. This values are given in parentheses
and the time improvement is rather small. Hence there is little use of adding case-coprocessors to the
given hardware..

4.3  Software-Module Level
Most programming languages allow the structuring of code sequences in procedures and functions (i.e.
“modules”). At this level we examined modules defined by source code functions. We converted some

switch ( int A )

{

case  0 : { 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
. . .

FIGURE 5. Hardware implementation of standard switch construct
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small benchmarks [Ben92] given in VHDL to C. This allows the comparison of hardware and software
implementation. For hardware implementation the results reported by the HIS system [Camp91] of IBM
were used here and normalized as explained in chapter3.0. The greatest common divisor (gcd) was
implemented for four bit, the diffeq and the elliptic filter for 16 bit. Also the synthesis results of the
switch construct are given. Table3 lists the area of the hardware implementation of this examples.

In comparison to this we give the area of some well known processors from [Patt90] in Table4.

Time and area for the software implementation of these examples are computed as defined in chapter3.0
and summarized in Table5 together with the results of hardware implementations. The time complexity
of the hardware implementation is based on path based scheduling. Restrictions were given for diffeq
(function units limited to 1 adder, 1 substractor and 2 multipliers) and for elliptic filter (function units
limited to 1 adder and 1 substractor).

Here first trade-offs of moving software into hardware can be identified. Considerable time improvements
of 4 to 30 times are achieved. It has to be mentioned that this holds for one iteration of all loops in the
module. Each further iteration may raise this but the number of iterations cannot be determined by source
code examination because it is mostly data dependent and not known at compile time.

Area comparison faces another problem caused by the bit width of the hardware modules. The corre-
sponding software implementation allows a common width of 32 bits, while hardware implementations
are mostly smaller, tailored to the real problem (4 bits for the gcd, 16 bits for diffeq and ellipticF). The
area of n-bit data paths implemented by bit-slice-like structures can be easily computed by multiplying
the area of one bit slice by the width. Table6 lists the design trade-offs for the given examples for time
and area. The approximated area of the modules extended to 32 bit data path is listed explicit.

Benchmark Area

mm2

gcd 0.77

diffeq 12.96

ellipticF 12.0

case 6.5

TABLE 3. Ar ea of hardware designed benchmarks in 2µm CMOS technology, standard cells

Processor
Area

mm2

Sparc 56

Intel 80486 160

MIPS R3000 72

Motorola 88100 81

TABLE 4. Ar ea of common processors in ceramic PGA technology
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These examples can be classified considering the number of control instructions used. The percentage of
jump instructions is given in Table6. Correlating these values with the time improvements our prelimi-
nary results seem to point out that control dominated modules are better HW/SW codesign candidates.
Notice that this tendency is clearly seen for the case example’s best case.

Considering area the hardware implementation requires nearly 1000 times as much as the software imple-
mentation. On the other hand, the size of the additional hardware compared to the processors (Table4) is
relatively small. If the communication between hardware and software parts which requires additional
clock cycles is taken into account the improvement is lowered to about 10% (example case). Hence
improvements in system design moving parts from software to hardware can only be expected at higher
levels. To introduce HW/SW codesign in high level synthesis at least the aspects mentioned above must
be examined.

4.4  Software-Application Level
Software applications may consist of several software modules. Usually libraries are used. Especially
system dependent functions, input and output routines, etc. are only available as compiled library. We
have to extend our workbench to examine also software available only as object code. On this level only
few activities can be found. A software 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 different kind of HW/SW codesign motivation. Another approach starting from an initial

Benchmark

Area of
HW design

in µm2

*103

Area of SW
application

in µm2

*103

Average
Time of

HW design
in cycles

Time of
SW applica-

tion in
cycles

gcd 770 7.3 2.5 84

diffeq 12,960 10.9 5 144

ellipticF 12,000 22.1 13 312

case 6,541 5.9 1 (10) 44

TABLE 5. Benchmarks implemented in HW and SW

Benchmark
Area

HW/SW

Area

HW/SW32

Time

SW/HW

Control-
Instruction

(%)

gcd 105 840 33.6 18.8

diffeq 1188 2376 28.8 2.53

ellipticF 542 1084 24 1.2

case 1108 1108 44 (4.4) 29

TABLE 6. HW-SW trade-off
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hardware design [Gupt92] implements data dependent loops in software. The chosen example, a ethernet
coprocessor, was successfully implemented with a hardware reduction of about 20 percent. We will
emphasize applications which are often used in a standard system. E.g. the blitter [Ben92] is a coproces-
sor to perform special data access. This example will allow to examine HW/SW codesign specific module
definitions. An even more complex application will be a restricted compiler.

For preliminary research we examined a compiler which accepts a subset of ALGOL [Lin77] and gener-
ates assembler code. This application is implemented by nearly 650 lines of C-code. We fed this into our
tool for source code examination (chapter3.2.2) and extracted a control dominated module. Therefore a
hardware implementation was generated and compared with the approximated runtime of the software
implementation. The results are briefly summarized bellow.

This restricted compiler consists out of 47 modules with an average 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 out of severalif-statements.
We converted this into a standardswitch construct and mapped it onto the hardware implementation
described in Figure5 adding some logic of comparable small size (55 cells, 189.520µm2). Comparing
the execution time of the hardware and software implementation of this module a speedup of 56 times is
reached by introducing hardware. This is consistent with the results found on software module level.

We are implementing a non recursive restricted compiler in software and generating a hardware imple-
mentation to compare them. Approaches designing high performance architectures to support efficiently
the C programming language such e.g. CRISC [Ditz87] provide optimized hardware designs which gives
good guidance in this field.

5.0  Conclusion and Future Work

In this paper we examined the trade-offs in HW/SW codesign at different levels. A way of comparing
hardware- and software designs is defined. Trade-offs are found only at the software module level and
above. Further research concerning the application level is under way. Design descriptions are trans-
formed into the ISF synthesis format [Camp93] which allows a more detailed examination such as syn-
thesis in hardware and software of larger 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 advantageous implementation in either hardware or software.
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