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FPGA Solution for Low Cost
Applications of Real-Time

Avtomated Visuval Inspection
(RT-AVI) Systems

Real-time requirements set an important aspect to consider during the design of most automated sys-
tems for visual inspection tasks. Usually, it is necessary to use specialised hardware to satisfy the
above requirements. During the development stage it is normal to use expensive hardware that pro-
vides more and higher functionality than the necessary in the final application. This paper presents a
hardware solution for low cost applications of Real-Time Automated Visual Inspection (RT-AVI) systems.
This includes a new methodology for development of hardware cores implemented on programmable
logic devices (FPGA). The proposed solution have been applied to different industrial inspection sys-
tems. In particular, the architecture has been implemented for SMARTMEC AVI system within a
RENAULT VI crankshaft production line and also reused for the development of the SIVAFRUT AVI sys-
tem for the quality inspection of preserved orange segments.

INTRODUCTION

o implant RT-AVI systems on industrial environ-

I ments it is necessary, first, to satisfy require-

ments of real time, robustness and reliability,

and second, requirements of economic profitability. A
strong commitment exists among both.

The final price of one application and therefore their
economic feasibility will depend on the development
costs, and the cost of the image acquisition and pre-
processing hardware. The different nature of the work-
ing environments and activities make very useful the
use of commercial software (ie. Matrox Image Library)
[1] supporting hardware for real time during the devel-
opment tasks. But, in most cases, once the application
has been developed the general performances of the
real time hardware used are better than the ones
needed in the final application. Expensive hardware
supports complex operations and architectures, but
perhaps we only need a pipeline with a few very sim-
ple stages.

In this paper, we present a hardware solution which
reduces the final cost of a RT-AVI system. This is based
on three usual components: the frame grabber, the
image processing board and the visualisation module.
Also we present its application for different industrial
solutions.

Also, we present a brief description of hardware mod-
ules and how they have been implemented. The flexi-
bility of the solution and the cores allow the replace-
ment of subsystems with little effort and to reuse the
same processing cores for different products and
applications.

SYSTEM DESCRIPTION

Fig. 1 shows a schematic view of the components for
the proposed low cost hardware solution. The host
used for the system is a personal computer (Pentium

II-.500MH2). The different modules are attached to the
internal PC system bus (PCI[3]. Video images are
acquired with a low cost Matrox Meteor [1] frame grab-
ber that allows to digitalise analogue video on images
of 512x512 pixels and 8 bits per pixel. The image pro-
cessing module includes a configurable processing
element that consist in the XC4036 FPGA of Xilinx [2].
This programmable device is configurable from the
PCI bus using a Windows95-based visual program-
ming environment. This advanced software tool allows
to build a hardware pipeline to implement any particu-
lar image processing solution. For that purpose, we
have implemented a library of generic image process-
ing algorithms (LUTs, convolutions, arithmetic opera-
tions, etc). The hardware cores allow the pre-process-
ing of images in continuous video mode. To acceler-
ate the algorithms, we use two memory banks of
256Kx32bits. The configurable processing element is
communicated with the host using a FIFO buffer
attached to a PCI interface. Finally the intermediate
results can be visualised with the standard video
board.
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Figure 1. PCl-based low cost solution.
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REQUIREMENTS

During the definition of the image processing module,
the functional and non-functional hardware require-
ments, concermed to processing elements (cores),
were described. Like in software applications, the spec-
ification of a functional model for the hardware archi-
tecture can be obtained from two categories: specifi-
cation of functions and specification of behaviours.

The specification of functions describes the structural
aspect of an architecture in terms of inputs, outputs,
activities, internal data, physical structural of them, and
data flow relationships between them. The specifica-
tion of behaviours describes how a hardware architec-
ture behaves in terms of events, inputs, states, condi-
tions, and state transitions.

The analysis of the non-functional requirements
allowed us to identify requirements that are referred to
issues like how easy is to synchronise and reuse the
cores, and how expensive is the development. In this
way, these issues were considered from the very
beginning.

Following, an abstract of main system requirements is
presented.

A. Functional Requirements.

The basic functional requirements or services that the
cores should provide to their end users are sum-
marised within the following functional modules:

« Image acquisition set-up. This module should allow
to the user to configure pixel resolution, image
width and height.

- Monopixel operators. They allows to obtain all the
basic images processes related with the use of
look-up tables ( binarization, negative, threshold,
masks, scaled, etc) .

Convolutions (2x2 and 3x3 pixels). This linear oper-
ator, computed as a weighted-sum of the pixel val-
ues in a Moore neighbourhood, is very used for
many image processing operations (laplacian,
roberts, sobel and high-pass filters).

- Template operator. It is an extension of the previous
one in order to make possible dilatation and ero-
sion of images.

- Histogram module. This core provides the number
of occurrences of every pixel values appear in an

image. It allows to enhance images using his-
togram equalisation.

B. Non-Functional Requiremenis
Main non-functional requirements are the following:

- Maintainability and adaptability. The global system
should perform different kind of tasks required by
computer vision applications. For this reason, the
design should be adapted to different cases with
minimum effort.

. System safety. The system must be robust, because
it should be usable on industrial environments.

t,=f “mn 2l

Hardware malfunction should be avoided.

. Scalability. To adapt the system to a specific appli-
cation it should be modular and easy to use.

- Time to market It is of strategic importance to devel-
op the product fast enough to acquire a good posi-
tion in the market. This will allow to get earlier profit
and to pay off the investments made in the whole
system.

HARDWARE MODULES.

We have been implemented a group of hardware
cores from their functional and non-functional require-
ments as described in the previous section. Each one
has been developed for a concrete image processing
algorithm. These cores have been synthesised from a
high level description language (VHDL) and using an
EDA tool (Foundation of Xilinx). The architecture of the
cores depends on the algorithm that is implemented
for each one. At first, two types of architectures have
been developed: monopixel and multipixel. The cores
related with the use of look-up tables and histogram
handling have been implemented based on monopix-
el architecture, while convolutions and temple opera-
tors have been designed from multipixel architectures.

A. Monopixel architecture

The architecture to implement monopixel algorithms
consists in a three-stages pipeline, such it is shown in
Fig. 2. Each pixel of the digitised image is sent to the
FIFO input. The core, implemented on the FPGA, reads
the data from the input FIFO, it processes them and

FPGA
Input Processing Output
register modele register
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|
Pixel IN : Pixel OUT
Pilij) ————>
8 bits : 8 bits
________ |

Figure 2. Monopixel architecture.
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Figure 3. VHDL code for the threshold HW module.

writes the results on the output FIFO. The input regis-
ter, the output register and the processing module set
the processing core.

Each pixel p(i,) is acquired in sequential way and
stored at the input register. After a first upward clock
edge, the stored pixel inside the eight-bit flip-flop type
D,

is processed by the combinational logic. The delay of
this module is related with the delay due to the com-
binational logic and to its connections. This process is
repeated for the following clock flanks, until the mXn
pixels are processed. So, the processing time per pixel
(tpp) will be the following:

Where f is the clock frequency for the combinational

circuit. Then, for a image with mXn pixels the process-
ing time (tp) will be the following:

The work frequency comes fixed by the number of
gates used inside the FPGA and the complexity of the
design. For the XC4036 FPGA, we have obtained typi-
cal clock frequencies around 40 MHz For this fre-
quency the processing time will be:

t =296256 _ 163ms 1]
40.10°

Using this architecture can be configured easily differ-
ent algorithms concerning the use of look-up tables,
such as the threshold operation. Figure 3 shows the
VHDL code used for this purpose.

B. Multipixel architectures

To obtain a pixel of one image processed by means
of convolution and template operators we need to
store, as minimum, a number of pixels equal to the
size of the kernel (2x2 or 3x3). We propose two types
of architectures to implement this kind of algorithms,
due to the necessity to store a certain number of pix-
els for their later process: architecture for line-process-
ing and architecture for mask-processing.

In the architecture for line- processing it is necessary to
previously store (k-1) lines of the image, where k is the
mask dimension. Once this is concluded, pixels corre-
sponding to the k line are read. As the pixels are read
they are processed by the combinational logic and we
obtain a pixel-value for the output image.

Figure 4 shows this architecture for a 2x2 convolution.
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Figure 4. Multipixel architecture for 2x2 convolution.
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Figure 5. Multipixel architecture for 3x3 convolution.
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Figure 6. Zig-zag solution for 3x3 convolution.

The input module registers the i-1 line in the SRAM.
Two pixels of the following line (i), given by the input
FIFO, are located in the mask register. At the same
time, two pixels from the i-1 file are transferred to the
mask register. With the 2x2 pixels in the mask register,
the processing module can obtain the output pixel
using combinational logic. This solution can be used
to configure a pipeline of several stages. It is only nec-
essary to connect the output of the processing module
with PIXEL IN line.

The implementation for a 3x3 convolution (Fig. 5)
requires a bigger number of registration elements for
the mask, as well as for storing the first two image lines
(1,i-2)

In this solution the synchronization among modules is
more complex than in the 2x2 convolution. This com-
plexity sets up the necessity of using a bigger number
of auxiliary elements for control and communication
purposes. As the length of clock lines increases, the
propagation time becomes significant and therefore it
is necessary to reduce the frequency of the synchro-
nization clock. This fact reduces processing speed.

A possible strategy to increase the clock frequency is
to reduce the complexity of the design, increasing the
number of memory access. In this case, we have to
balance the problematic of increasing the processing
rate diminishing the complexity of the design on one
hand, and diminishing the processing rate increasing
the number of accesses to memory, on the other. A
solution based on this idea is shown in the Figure 6.
For each kxn processing band all the pixels of this are
acquired in zig-zag way. Then, to process a band of
3xn pixels we have to acquire the first nine pixels in
zig-zag way. Once we have transferred these pixels, we
move the mask on pixel to the right. Then it is possible
to process the nine following pixels again. Following
this method, the complexity of the design is simplified
in front of the solution previously shown, although we
increase the number of accesses to memory. Although
this is a worse solution when only one convolution is
needed, it allows to chain more than one

convolution, diminishing the complexity of the auxiliary
logic, and making therefore suitable its use inside a
FPGA.

Table 1 summarises the processing times and the
best internal clock frequency for some of the develop-
ing hardware cores:

Algorithm Processing Clock
time Frequency
(ms/pixel) (MH2)
Threshold 0,250 50
Negative 0,287 50
Area 0,287 50
2x2 convolution 0,178 50
2x2 convolution 0,178 60
(zig-zag)
3x3 convolution 0539 37
(zig-zag)

Table 1. Processing times and clock frequency.
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Figure 7. Boehm spiral model for AVl systems.

BUILDING NEW APPLICATIONS

The new methodology we propose for the develop-
ment of realtime automated visual inspection (RT-AVI)
systems is based on our own experience in the design
of this kind of systems.

Usually, for the development of this type of applications
we follow the model proposed by Boehm [4], as shown
in figure 7. This model describes an iterative process
for development of software where the planning of
objectives, identification of risks, development of proto-
types or products and evaluation of results are part of
each iteration. Therefore, this model has allowed us to
identify a set of development cycles. Each of them has
served to deal with a set of development risks, reduc-
ing the errors in the selection of the platforms, in the
design and implementation.

For the development of AVl systems we normally com-
plete three cycles. At first, the global functional require-
ments (this include real-time requirements) of the appli-
cation are specified. Next, the objectives of the first
cycle of the spiral are established. These usually con-
sist on finding the appropriate system of illumination
for the application and to establish suitable algorithms
for pre-processing step. Starting from these objectives
and analysing the risks of the application we define a
first prototype that allows to evaluate if the established
objectives have been reached. In this first cycle we
usually use, as development tool, the MIL library from
Matrox. These libraries are very flexible and allow us to
test a great quantity of solutions with a relatively light
effort.

The second cycle of the Boehm spiral model is devot-
ed to the post-processing step, with the help of neural
networks. During this cycle, the pre-processing algo-
rithms are also refined considering the results from the
second prototype. In this way, when the second cycle
is finished, the suitable pre-processing algorithms and
the rejection strategies are well defined.

The third cycle of the spiral is devoted to define the

SIVAFRUT

Traditional Solution

Software for development 2152 2152
Hardware Platform 12158 3616
Total Cost(Euros) 14310 5768

New Solution

final prototype that will be installed within the produc-
tion line. In this stage, it is necessary to guarantee that
it fulfil the condition of temporary answer of the system.
For this purpose, the developed application is opti-
mised over a hardware platform that facilitates the
required performance regarding real time. For many of
the applications that we have developed, we have
used the boards from Matrox. Main problem we have
encountered with the use of this type of devices is its
relative high cost, mainly when the benefits of real time
are very strong. Most of the applications on which we
have worked are for the manufacturer industry, where
automated visual inspection systems compete for
100% inspection of the production. In this type of
industries, the AVI substitutes low qualified workers
and the profitability of the system is based on obtain-
ing a very cheap product (typically around 18000
euros/AVI platform). In many occasions, this price is
very difficult to reach due fundamentally to the hard-
ware cost that facilitates good real time performances.
For this reason the use of a low cost hardware solution
like the one proposed becomes of great interest.

Table 2 shows the overall costs for two AVI applica-
tions solved with two different solutions (traditional and
new solution). The first of the applications (SMARTMEC
see illustr. 2J6l[7] it is an RT-AVI system for a
RENAULT VI crankshafts production line, while the
second (SIVAFRUT -see illustr. 1-[5] consists on the
development of an RT-AVI system for the inspection of
preserved orange segments.

Iustration 1. SMARTMEC RT-AVI System.

CONCLUSIONS

A methodology for AVI-RT systems design based on
the use of a low cost hardware architecture has been
presented. It has been reused for the development of
two automated visual inspection systems for 100%
product inspection for the manufacturing industry. This

SMARTMEC

Traditional Solution New Solution
2152 2152

24.306 5100

26.458 7252

Table 2. Costs of different solutions.
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Ilustration 2. SIVAFRUT RT-AVI System.

has allowed to guarantee its success. The adaptability
and the flexibility of the hardware solution allows the
replacement of hardware cores with little effort, which
assures that both the methodology and the hardware
solution meet the adaptability requirements.

In this way, we devote some time to study the method-
ology used in the development of automated visual
inspection applications and the hardware solutions for
real-time applications. The result was a generic
requirements specification that allows us to obtain a
generic design. We have focused our work in the
development of generic cores for real-time applica-
tions The extra time for definition invested to develop
the first system, has allowed to significantly reduce the
development time for the second one |
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