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Abstract

We evaluate the performance of a hardware/software architecture designed to perform a wide range of fast image processing tasks.
The system architecture is based on hardware featuring a Field Programmable Gate Array (FPGA) co-processor and a host computer. A
LabVIEW� host application controlling a frame grabber and an industrial camera is used to capture and exchange video data with the
hardware co-processor via a high speed USB2.0 channel, implemented with a standard macrocell. The FPGA accelerator is based on a
Altera Cyclone II chip and is designed as a system-on-a-programmable-chip (SOPC) with the help of an embedded Nios II software pro-
cessor. The SOPC system integrates the CPU, external and on chip memory, the communication channel and typical image filters appro-
priate for the evaluation of the system performance. Measured transfer rates over the communication channel and processing times for
the implemented hardware/software logic are presented for various frame sizes. A comparison with other solutions is given and a range
of applications is also discussed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The traditional hardware implementation of image pro-
cessing uses Digital Signal Processors (DSPs) or Applica-
tion Specific Integrated Circuits (ASICs). However, the
growing need for faster and cost-effective systems triggers
a shift to Field Programmable Gate Arrays (FPGAs),
where the inherent parallelism results in better performance
[1,2]. When an application requires real-time processing,
like video or television signal processing or real-time trajec-
tory generation of a robotic manipulator, the specifications
are very strict and are better met when implemented in
hardware [3–5]. Computationally demanding functions like
convolution filters, motion estimators, two-dimensional
Discrete Cosine Transforms (2D DCTs) and Fast Fourier

Transforms (FFTs) are better optimized when targeted
on FPGAs [6,7]. Features like embedded hardware
multipliers, increased number of memory blocks and sys-
tem-on-a-chip integration enable video applications in
FPGAs that can outperform conventional DSP designs
[2,8].

On the other hand, solutions to a number of imaging
problems are more flexible when implemented in software
rather than in hardware, especially when they are not com-
putationally demanding or when they need to be executed
sporadically in the overall process. Moreover, some hard-
ware components are hard to be re-designed and trans-
ferred on a FPGA board from scratch when they are
already a functional part of a computer-based system. Such
components are frame grabbers and multiple-camera sys-
tems already installed as part of an imaging application
or other robotic control equipment.

Following the above considerations we conclude that it
is often needed to integrate components from an already
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installed computer-based imaging application dedicated to
some automation system, with FPGA-based accelerators
that exploit the low-level parallelism inherent in hardware
structures. Thus a critical need arises for an embedded soft-
ware/hardware interface that can allow for high-bandwidth
communication between the host application and the hard-
ware accelerators.

In this paper we apply and evaluate the performance of
an example mixed hardware/software design that includes
on the one side a host computer running a National Instru-
ments (NI) LabVIEW� imaging application, equipped
with a camera and a frame-grabber, and on the other side
a Altera FPGA board [9] running an image filter hardware
accelerator and other system components. The communi-
cation channel transferring image data from the host com-
puter to the hardware board is a high-speed USB2.0 port
by means of an embedded macrocell. The various hardware
parts and peripherals on the FPGA board are controlled
and interconnected by a Nios-II embedded soft-processor.
As a result of this evaluation one can explore the range of
applications suitable for a host/co-processor architecture
including an embedded Nios-II processor and utilizing a
USB2.0 communication channel.

In the following, we first give a short account of the tools
we used for system design. We also present an overview of
the particular image filtering application we embedded in
the FPGA chip for the evaluation of the host/co-processor
system architecture. We describe the modular interconnec-
tion of different system parts and assess the performance
of the system. We examine the speed and frame-size
limits of such a design when it is dedicated to image process-
ing. Finally, we compare our mixed host/co-processor
USB-based design in terms of other architectures and other
communications media.

2. Design tools overview

The design of a DSP system with FPGAs often utilizes
both high-level algorithm development tools and hardware
description language (HDL) tools. It can also make use of
third-party intellectual property (IP) cores implementing
typical DSP functions or high speed communication proto-
cols [1].

In our application we use model-based design tools like
The Mathworks Simulink (based on Mathwork’s MAT-
LAB) with the libraries of Altera’s DSP-Builder. The
DSP-Builder uses model design to produce and synthesize
HDL code, which can then be integrated with other hard-
ware design files within a synthesis tool, like the Quartus II
development environment. In the present work, we
designed image filter components using DSP-Builder
libraries and the resulting blocks were integrated with the
rest of the system in Quartus’ System-On-a-Programma-
ble-Chip (SOPC) Builder.

SOPC-Builder design software resides as a tool in the
Quartus environment. Its purpose is to integrate an embed-
ded software processor like Altera’s Nios-II with hardware

logic and custom or standard peripherals within an overall
system, often called System-On-a-Programmable-Chip
(SOPC). SOPC-Builder provides an interface fabric in
order to interconnect the Nios-II processing path with
embedded and external memory, the filter co-processors,
other peripherals and the channels of communication with
the host computer.

Nios-II applications were written in ANSI C and were
compiled and downloaded to the FPGA board by means
of Altera’s Nios II Integrated Development Environment
(IDE), a tool dedicated to assemble code for Nios proces-
sors. The purpose of Nios-II applications is to control pro-
cessing and data streaming between the components of the
system and its peripherals.

On the host side one may develop a control application
by means of any suitable language like C. We use Lab-
VIEW� software by National Instruments Corporation
[10], which provides a very flexible platform for image
acquisition, image processing and industrial control.

3. Modeling and implementation of the filter design

The main target of this work is to evaluate the perfor-
mance of a host/co-processor architecture including an
embedded Nios-II processor and utilizing a communica-
tion channel between host and hardware board, like a
USB2.0 channel. The task-logic performed by the embed-
ded accelerator can be any image function within the limi-
tations of existing FPGA devices.

For our purpose we built a typical image-processing
application in order to target the FPGA co-processor. It
consists of a noise filter followed by an edge-detector.
Noise reduction and edge detection are two elementary
processes required for most machine vision applications,
like object recognition, medical imaging, lane detection in
next-generation automotive technology, people tracking,
control systems, etc.

We model noise and edge filtering using the Altera DSP-
Builder Libraries in Simulink. An example of this proce-
dure can be found in [11]. Noise reduction is applied with
a Gaussian 3 · 3 kernel while edge detection is designed
using typical Prewitt or Sobel filters. These functions can
be applied combined in series to achieve edge detection
after noise reduction. The main block diagram of our filter
accelerator is shown in Fig. 1. Apart from noise and edge
filter blocks, there is also a block representing the interme-
diate logic between the Nios-II data and control paths and
our filter task logic. Such intermediate hardware fabric fol-
lows a specific protocol referred to as Avalon interface [12].
This interface cannot be modeled in the Simulink environ-
ment and is rather inserted in the system as a Verilog file.
Design examples implementing the Avalon protocol can
be found in Altera reference designs and technical reports
[13]. In brief, our Avalon implementation consists of a
16-bit data-input and output path, the appropriate Read
and Write control signals and a control interface that
allows for selection between the intermediate output from
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