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INTRODUCTION
n order to lead to more efficient implementations
and to improve overall system performance, relia-
bility, and cost effectiveness, cooperative

approach to the design of hardware/software systems
is required. Hardware and software options can be
considered together. The renewed interest in such an
implementation is driven by advances in technologies
that support both hardware and software [1]. 

Starting from the initial specification, the goal of hard-
ware/software co-design is to produce an efficient
implementation that satisfies the required performance
and minimizes the cost. However, there exist a large
variety of technological solutions based on available
hardware/software components. The designer needs
to explore all possible solutions either by using auto-
mated tools or selecting his choices manually. Actually
much of the effort is spent doing the design. However,
as systems become more complex, an increasing
amount of time is spent exploring the hardware/soft-
ware design space and verifying that the design is cor-

rect and meets the performance goals [2]. 

The traditional approach adopted by designers of
mixed distributed systems consists of separating the
designs of hardware, software and designing them
independently of each other (figure 1 (a)). The hardware
may be modelled in high description language, simu-
lated and then synthesized into ASICs. The software
parts are coded in an assembly language specific to a
selected microprocessor; this code is tested on emu-
lators, then compiled for execution on a fixed architec-
ture. It is only at the lowest level that the different het-
erogeneous parts of the system are tested together.
Only at such a low level that the designers can
become aware of the design flaws and optimisations
needed. Once the anomalies are localized, the design-
ers go up to the initial hardware and software specifi-
cations to iterate towards the required improvements.
This loop is often repeated several times, before a first
functional prototype can be realized conforming to the
initial specifications and constraints.

In hardware/software co-design, the goal is thus to cre-
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Figure 1. Design strategy of a hardware/software electronic system co-design.
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ate an unified environment encompassing the analysis
in which the hardware and software design space can
be explored before design tape out (figure 1 (b)). The
design space exploration approach is a technique that
is based mainly on estimation in order to evaluate
cost/performance of different solutions. This enables
performances models, performances estimation and
hardware/software partitioning algorithm in order to
deduce an optimal solution in the first steps of the
design process. 

Several related works have been reported dealing with
different aspects for exploration of hardware/software
design space. They differ in hardware/software parti-
tioning algorithm [3, 4, 5], analysis method [6], and the
degree of the exploration process automation [9]. Few
frameworks address all aspects of hardware/software
design space exploration.

In this paper, we address the entire problem of hard-
ware/software design space exploration and we con-
sider the different aspects for the analysis of hard-

ware/software solutions. However, our approach differs
in the input description, performance/cost model, hard-
ware/software estimation model and analysis method.
The evaluation is mainly based on synthesis results
and is guided by estimation of costs and perfor-
mances for both hardware and software. Estimation
models are proposed in order to estimate cost/perfor-
mance for a given hardware/software solution. An
objective function is achieved to define a solution qual-
ity. The process of preliminary hardware-software
design and estimation is iterated in order to obtain a
solution, which meets performance requirements with
the minimum costs. Within this paper, a study in apply-
ing the analysis approach based on estimation to the
development of a real time robot arm controller is per-
formed. 

The next section presents the analysis approach
based on performances estimation. Section 3 gives an
example of experimentation of the proposed method
for exploration of design space. The last section draws
some conclusions.

ANALYSIS APPROACH BASED ON
PERFORMANCE ESTIMATION
Our goal in design of hardware/software real-time sys-
tems is to guarantee that the resulting solution satisfies
the timing requirements with the minimum costs.
Figure 2 shows the analysis flow based on perfor-
mances estimation.

We combine some design tools with novel features for
design space exploration via an analysis method. Let
us assume that the target architecture is known. The
analysis flow is composed of the following four steps:

i. synthesis and compilation of different system mod-
ules;

ii. estimation of hardware and software performances
corresponding to the target architecture;

iii. analysis of the hardware/software alternative. 

iv. If the result does not meet the desired perfor-
mances repeat iii. We assume that it exists at least
a hardware implementation that meets timing
requirements.

The architecture model specified earlier in the hard-
ware/software design process guides the detailed
implementation choices. A modular, flexible and dis-
tributed architectural model is used. This architecture
acts as a platform on which a mixed hardware/soft-
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ware system is mapped. It is composed of three kinds
of components: software, hardware, and communica-
tion components (figure 3). An example of platform
using an Intel 80x86 microprocessor-based architec-
ture and configurable 4013 Xilinx FPGA devices based
board is performed. This platform allows to verify the
deduced solution in real environment. 

1 Performance/cost models 
The exploration technique of design space has to con-
sider several issues namely cost, performances, area,
memory size, etc. that are defined as a design metrics
to qualify a hardware/software implementation as opti-
mal. In this work, performance (execution time con-
straint) and cost are considered.

The timing characteristics of the system modules
implementation are specified by:

Software Local Execution Time (SLET): the time
interval at which the module function is executed in
software (this time excludes all the scheduling and
swapping overheads).

Hardware Local Execution Time (HLET): the time
interval during which the module function is exe-
cuted in hardware.

Global Execution Time (GET): the time interval at
which all system functions are executed. It is
expressed by: (1)

Computation of execution time of the whole system
depends on overlap in time. In the case where some
modules are executed in parallel, the "sup" is consid-
ered; however if other modules are executed sequen-
tially, the 'sum" is computed. For the sake of simplicity,

the extreme case is considered: GET is defined as the
sum of execution time of a sub-set of m software mod-
ules and execution time of a sub-set of n-m hardware
modules.

In order to evaluate different hardware/software imple-
mentations, the cost of each component is needed.
The software implementation cost (SIcost) is defined by
program memory size and data memory size for a
given processor. The hardware implementation cost
(HIcost) is evaluated by the number of cells needed to
implement hardware using a library of gates. The
implementation Cost (Icost) combines SIcost and
HIcost. Since these values do not have the same unit,
the constants ks and kh are introduced and fixed by
the designer, to give a coherent and significant imple-
mentation cost. Thus, the implementation cost is as fel-
lows: (2)

Analysis of hardware/software implementation uses
both the execution time (performance) and the cost. A
cost-function (cost_function) is a single cost value that
combines execution time (GET) and implementation
cost (Icost) estimated metric values to define a hard-
ware/software implementation quality. Different units,
such as transistors and seconds are combined into a
single value. The cost-function may be a weighed sum
function in which two values, GET and Icost are
weighed by the constants ks and kh  respectively. The
cost-function is as fellows:

In order to give a coherent and significant cost-func-
tion, the constants kt and kc are also introduced and
fixed by the designer.

Another issue in combining various metrics into single
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value is normalisation of metrics' units. The constants
ks and kh may include the metric constraints so that
they will be considered by cost-function. For example,
the constants fixed by the designer may be divided by
the metric constraints. 

2 The Analysis Method 
In order to analyse the different alternatives of the sys-
tem implementation, we make use of the environment
depicted in figure 4. The process of hardware/software
design space analysis starts with a modular system
description, in which hardware and software modules
are described in VHDL and C respectively. All needed
data for analysis is generated automatically by hard-
ware and software synthesis and simulation tools.

For software modules, a standard compiler transforms
the C description of each system module into assem-
bly code. This code is simulated to determine the
number of cycles and the software memory size using
a dynamic simulation [7]. In fact, since the estimation
accuracy is an important aspect for the design of real
time systems, the dynamic simulation is adopted. In
order to make the estimation credible, a judicious
modelling of the target microprocessor is used. A func-
tionality accurate simulation compiles and executes
the design model directly on a host machine without
paying special attention to simulation time. 

Since using the performance of the target architecture
(the cycle time of the microprocessor is fixed to be 10
MHz), the maximum execution time is determined by
calculating the software critical path. 

For hardware modules, the execution time and the
area are determined using the synthesis and simula-
tion results of the VHDL description. "Examplar" and

"V_System" tools are used for synthesis and simulation
respectively. The maximum execution time of each
system module is obtained by the product of the fre-
quency and the number of cycles in the critical path. 

The characteristics of timing requirements are speci-
fied by:

Local critical-Time Constraint (LTC): the time interval
at which each module (critical-time function) should
be executed.

Global critical-Time Constraint (GTC): the time inter-
val at which all system functions should be execut-
ed.

The number of possible solutions for a given system
can be extremely large. Some considerations are done
in order to guide the exploration of design space and
to converge rapidly to a solution that satisfies the con-
straints. These considerations are as follows:

Many solutions will be not analysed if they are not
possible a priory.

Functions, which are considered unconstrainable,
are initially placed in hardware.

A solution is said to be feasible if the timing require-
ments of all critical-time functions can be satisfied.

Figure 5 shows the analysis algorithm. Given a set of
functions of system modules F=f1, f2...fn and a set of
constraints of the system under design, exploration of
design space consists of three main steps:

i. Exploration of design space starts with all functions
in software. t functions, which are considered
unconstrainable, are initially placed in hardware.

ii. The second step consists of analysing the software
design space in order to study the feasibility of soft-
ware implementation of each critical-time function.
We deduce the sub-set of functions which the
implementation in software is feasible: LTCs are sat-
isfied (SLET < LTC). The others functions that are not
feasible are considered in hardware. 

iii. The third step consists of finding a performance sat-
isfying solution with a minimum cost. An extension
of the Greedy algorithm is performed. We start with
F=SUH and the cost-function of hardware solution
(actual cost-function). For each fi of S, GET and cost-
function are calculated for F when fi is moved from
S to H. If calculated GET and cost-function are less
than GTC and actual cost-function respectively, fi
will be moved from S to H and the cost-function of
the implementation become the calculated cost-
function. This procedure is iterate with each fj suc-
cessors of fi. The process can be stopped as soon
as the first solution that meets timing constraints.
However, it can be continued to find a solution that
meets timing constraints with minimum costs.

The initial partition is constructed for partitioning feasi-
bility as described in the figure 5 (steps 1 and 2). The
algorithm uses a greedy approach to select a function
for move into H. There is no backtracking since a func-
tion moved into H stays in that set throughout rest of
the algorithm. For each function move, the change in
partition cost-function and global execution time are
computed in constant time. The procedure is iterate for
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Figure 5. Analysis Algorithm.



CO-DESIGN

14

all functions in S. Thus, the complexity of the algorithm
is O(n). The proposed approach leads to reduced run-
times of partitioning heuristics and in many cases
leads to lower cost partitions. However, the limitation of
the used algorithm is that it can produce a local mini-
mum.

EXPERIMENTS
In this section, we treat an application of analysis envi-
ronment for the design of a robot arm controller. The
experiments should show the feasibility of the analysis
environment for usage in hardware/software design
space exploration.

1 The Robot Arm Controller 
The robot arm controller under discussion acts
between a "Host Machine" and a robot arm that makes
use of 18 stepper motors. The host fixes the trajectory
of the arm. It then sends the commands to the robot
arm. The controller makes use of an adaptive speed
control to smoothen the motion of the arm. The distri-
bution system feeds the adaptive controller in parallel.
The motor controllers continuously send back infor-
mation's about the distance they still have to go. So the
system performs two principal tasks: adaptive distribu-
tion of pulse packets and adaptive speed control in
real-time.

As shown in figure 6, the system is decomposed into
computation modules and interface modules. The
Distribution sub-system receives data from the Host
Machine and provides the travelling distance to the
Speed Control sub-system. This control sub-system
computes the number of pulses for speed control and

translates them into motor control signals. The motor
returns the pulses already executed. Thus the Speed
Control sub-system controls the motors step by step in
real-time. The response time of each motor is 6 ms (the
time needed to update the speed). Thus, GTC is 6 ms. 

In order to illustrate the advantage of hardware/soft-
ware co-design, a case study of this application was
performed [8]. The rest of this paper will be consecrat-
ed to explore the hardware/software design space
regarding the performance/cost and using the analy-
sis approach described above.

2 Performances/cost of hardware
and software modules 

For software, the execution times and the memory
sizes of different modules are obtained using dynamic
simulation. For hardware (Xilinx 4013 FPGA), the exe-
cution time and the gate sizes are also deduced from
description VHDL using results of simulation and syn-
thesis. The total execution times for each module are
obtained with regard to speed. Table 1 presents the
execution times (HLET and SLET) and the costs (HIcost
and SIcost) of each module for hardware and software
respectively. Hardware cost represents the number of
gates while software cost represents the number of
bytes.

3 Analysis of the hardware/software
design space

The performances of hardware/software implementa-
tions depend on the target architecture technology.
The frequency is fixed upon the used target architec-
ture (10 MHz). The execution times of a sub-set of soft-
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Distributor 1345.50 8.74 1915 9915

H.Machine Interface 1,27 0,21 195 840

Computation 1332.50 5.33 1550 8610

Spe.Ctr. Interface 11.73 3.20 170 465

Speed Controller 24570.66 259.20 2145 3150

Dis. Interface 10.66 3.20 170 450

Computation 23680.00 96 1640 2090

Timer 400 64 160 260

Receive 480 96 175 350

Table 1. Execution Times and Implementation Sizes.

SLET(cycles) HLET(cycles) SIcost(bytes) HIcost(gates)
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ware modules and a sub-set of hardware modules are
then calculated. For each hardware/software imple-
mentation, the global execution time (GET) of whole
the system is calculated by applying Equation 1. The
implementation cost of the whole system and then the
cost-function are determined by applying Equations 2
and 3, and combining the information from table 1
about the hardware and software implementation cost.

However, some assumptions are considered concern-
ing the constants ks, kh, kt and kc:

ks=kh=1. We consider that the costs of a byte and
a gate are equal.

kt=1/6. kt is fixed regarding the GTC (6 ms). 

kc is calculated regarding the hardware cost of the
whole system. Thus, the analysis of a hardware
implementation is done first.

Pure hardware implementation: If all functions are
realised in hardware with FPGAs modules, the inde-
pendent 18 Speed Control Sub-Systems may be
designed as concurrent state machines. On consider-
ing the FPGA Xilinx 4013 capacity, the number of
speed control sub-systems integrating on one chip is
3.  Therefore this implementation has to use one FPGA
for the distributor and 6 FPGA chips for the 18 Speed
Control Sub-Systems (solution 1). The GET is 0.035 ms
while the cost is 66615. Thus kc=1/66615. Note that
the cost-function of this solution is 1.005.

Pure software implementation using one software

processor: We assume that all the modules will be
executed on the same processor (solution 2). This
needs an extra scheduling step that will arrange the
execution order of the modules. The total execution
time is about 44.3 ms (thus larger than 6 ms). This solu-
tion does not meet the GTC. 

Pure Software implementation using two software

processors: The system can be designed as two
asynchronous parts: the distributor may be done con-
currently to the 18 motor Speed Control Sub-Systems.
Thus each part can be run on a separate micro-
processor (solution 3). The GET  of the 18 Speed
Control Sub-Systems is almost 44.2 ms (>6 ms). This
software solution does not meet the GTC as well. 

Pure-Software implementation using 10 software

processors: The Distributor and the 18 Speed Control
Sub-Systems are independent and may therefore be
designed as concurrent state machines. On consider-
ing the execution time of each module, the number of
speed control sub-systems executing on one micro-
processor is 2. Therefore this implementation has to

use one microprocessor for the distributor and 9
microprocessor for the 18 Speed Control Sub-Systems
(solution 4). The GET of whole system is almost 5.048
ms (<6 ms) and the implementation cost of whole sys-
tem is 21220. Thus, The cost-function is 1.159 (lager
than 1.013: cost-function of pure hardware implemen-
tation).

Hardware/software solutions: Because external real-
time signals are better analysed in hardware, we asso-
ciate hardware components to the 18 Speed Control
Sub-Systems and a microprocessor to the distributor.
Thus, this implementation has to use one micro-
processor for the distributor and 6 FPGA chips for the
18 Speed Control Sub-Systems (solution 5). The exe-
cution time is 0.160 ms while the cost is 58615. Thus,
the cost-function is 0.905.

Note that another alternative in hardware/software
solutions can also be analysed. We associate hard-
ware component to the distributor and 9 microproces-
sors to the 18 Speed Control Sub-Systems (solution 6).
The execution time is almost 4.91 ms; however the
cost is 29220. Thus, the cost-function is 1.256 (larger
than 0.905). 

Four solutions meet the real time requirements as illus-
trated in Table 2. However, the solution 5 represents
the optimal solution. It has a better cost-function com-
pared to others solutions.

A rapid prototype of solution 5 is performed using an
Intel 8086-based architecture (software part) and Xilinx
4013 FPGAs (hardware part). This solution is confirmed
by prototyping platform in order to verify the system in
its real environment [10]. An analysis indicates that this
solution correctly implements the system functionality
while meeting real-time requirements. 

CONCLUSION
This paper presented an analysis approach defined as
the process and techniques employed to produce the
optimal implementation in a short time. The analysis
give rapidly predictions on the outcome of applying
existing high-level synthesis tools and added estima-
tion tools. The efficiency of this technique is done by
the use of performances models and a cost-function
guided by automated tools for evaluation. 

Despite the fact that the example contains only a sin-
gle timing constraint (GTC=6ms), combined real time
constraint and the implementation cost make the
analysis useful to deduce the optimal solution of the
hardware/software implementation. The experimental
results show fast convergence of estimated to real
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1 0.035 ms No 66615 1.005 Yes

2 44.3 ms Yes No

3 44.2 ms Yes No

4 5.048 ms No 21220. 1.159 Yes

5 0.160 ms No 58615 0.905 Yes

6 4.91 ms No 29220 1.256 Yes

Table 2. Result of Analysis.

Solution GET Real-Time violation Icost Cost Function possible Solution
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solution.

Our method includes a performance/cost model, a
hardware/software estimation model and an estima-
tion method that does not depend on a particular tar-
get architecture. In this paper, target architecture using
80x86 microprocessor for software modules and FPGA
for hardware modules is considered. However, the pro-
posed approach may be considered in order to allow
other target architectures. In later case, the used exist-
ing synthesis tools and added estimation tools have to
include technologies of these target architectures. For
example, if a hardware module will be implemented in
an ASIC, the used technology must be included in the
library of synthesis tools. 

For the sake of simplicity and since this approach can
be used for evaluation of different hardware/software
solutions earlier in the design process, some assump-
tions are considered. However, these assumptions do
not have an influence on the results of design space
exploration to produce a solution meets the real time
requirements with the minimum cost.

Future work aims management tools that are required
to orchestrate the design process, i.e. for systematic
control of the design data, tools, and flow. On the other
hand, automatic schedule will be achieved to prioritise
modules that request execution simultaneously. 

Moreover, this approach is flexible and provides an
open environment for consideration of other hard-
ware/software technologies. FPGAs circuits were con-
sidered for integration. Further implementation consists
of replacing the FPGA technology by semi-custom
technology.
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