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Abstract:

A high performance architecture for an image processing
applicaion, a computer vision system for vehicle detection,
is proposed in this work. The system aims to detect and
count moving vehicles crossing a selected window from a
video input captured by a traffic surveillance camera The
system works under a set of design constraints such as
communication  throughput, processing time and
implementation cost on a red-time situation. The vehicle
detector atains high performance on a low cost
hardware/software platform, even using 2D FIR filtering,
histogram thresholding and color space transformations,
among others image enhancing techniques. This paper
presents the development of the dgorithms in a
hardware/software  DSP  platform based on a fied
programmable gate array architecture, their implementation
and the performance andysis on an application with real
data

1INTRODUCTION

Traffic congestion is one of the most important problems
that affect modern cities. This phenomenon spreads out in
small, medium-sized towns and cities as well as in urban
areas. Therefore, systems for the analysis and prevention of
traffic congestion are becoming more and more relevant.
Sophigticated techniques have been used to make traffic
congestion prevention possible, but they al depend on the
detection and counting of vehicles. These tasks rely on
computer vision systems that, in turn, require fast digital
signal processing (DSP) agorithms.

Traditiondly, DSP agorithms are implemented using
general-purpose programmable DSP chips for low-rate
applications. High performances could aso be attained
implementing an Application Specific Integrated Circuit
(ASIC). However, technological advancements in field
programmable gate arrays (FPGA) or complex
programmable logic devices (CPLDs) [2,3,4] in the last
seventeen years have opened new paths for DSP design
engineers. New options to cope with such problems are now
avalable. Paform FPGAs have become components for
implementing high-performance DSP systems, especialy in
digitd communications, video, and image processing
applications[5]. These devices preserve the high specificity
of the ASIC while avoiding its high development cost and
its inability to accommodate design modifications after
production. Highly adaptable and design flexible, FPGAs
provide optimal device utilization through conservation of

board space and system power and the ability to implement
highly paralel custom signd processing architectures, some
important advantages not available in many stand-aone
microprocessors and DSP processors.

However, depending on their capacity, FPGAs can be
very expensive, and so the solution. On the other hand,
software solutions based on general-purpose processors
offer flexibility and permit low cost implementations.
Nevertheless, asit was said before, in such approach it isthe
difficult to exploit the paralelism required by high
performance DSP applications. This paper presents a redl-
time system that performs these tasks employing a low-cost
hardware/software platform. In the architecture proposed,
the trade-off between hardware and software fesatures is
taken into account.

Today, computing demands solutions that target
agoressive time-to-market windows of opportunities, and
rapid prototyping platform based on such architecture, may
effectively respond quickly and economicaly to the
emergence of new, more efficient core algorithms. The
software component in this approach is a persona computer
(PC) and the hardware component, a PCI platform with
reconfigurable FPGA component.

Section 2 presents an overview of the system and the
details of the image processing modules. Section 3 describes
the vehicle detection agorithm, with an andysis of its
compl exity. Section 4 presents the case study and, findly,
Section 5 presents the main conclusions and directions for
further works.

2 SYSTEM DESCRIPTION OVERVIEW

Figure 1 depicts the image processing flow: filtering,
amplification, modulation, storage and computation. The
frames are captured and trested by the image processing
module. The result of this processing is then compared with
areferenceimage in order to identify the presence or not of
vehiclesin the scene. Another approach can be seenin[1].
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Figure 1. Overview of the computer vision system

The problem is split into processes that are treated as
hardware and software components in a codesign approach.
The software components are executed in the PC and the
hardware ones in the FPGA. The communication among
processes is performed via a PCI bus, a 33 MHz, with
interrupt signa. The “attached processor” [6], the FPGA
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platform, is a XC2S_EVAL board [7], comprising a PCI
interfface and a 200,000 equivaent gates Xilinx FPGA
(Spartan-11 Family) [8]. This board dso contains a 512kB
SRAM memory [9], connected to the FPGA, that stores
partia images and parameters during the processing. Figure
2 illustrates hardware platform.
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Figure 2. Interconnection between the board elements

The PCI interface is implemented by an ASIC [10]. The
physica hardware/software interface isimplemented by PCI
8-bits bus. This bus limit reduces the fina throughput on
host/PCI board interface to approximately 3 MB/sec.

A friendly graphic user interface, shown in Figure 3, was
also devel oped to support the image analysis.

4 Capl11.BNP - dvicop

Area Sensibility

Area 1000 pixels
Thres 16 levels

04

HCare 004 Area 0 L

Figure 3. User-friendly visud interface of the system

Through this platform interface the user can select any
region for observation, modify the system sensitivity and
change the threshold image level. Theresult, i.e., the vehicle
count, is visualized on the screen of the host (the huge “04”
in Figure 3).

3 THE
ALGORITHM

VEHICLE DETECTION

The input to the system is an anadog color video stream.
After its conversion to a digita color frame[11], the set of
primary data is formed by the sequence 1,,1,,K of color
images of the form I, :(17(s),1°(s),17(9)ee, Where the
superscript denote the Red, Green and Blue components.
Each image is a function 1:E - K, where the set of
coordinates is denoted E={0,K ,m-1x{0,K ,n-1 and
the set of k possible valuesis K =[0,K ,k-1] (see[12]).
In our approach k =256 and the elements of E will be
either referredto as (i, j) oras <.

Previous experiences demonstrated that, for the current
applicaion, there is enough information in the luminance of
the images, so chrominance can be discarded in order to

reduce the amount of information to be processed. The
luminance Y, of the color image I, =(17,15,1°) can be
computed wusing the NTSC transmission system
definition [13], as

Y,(s) =[0.2991 *(s) + 058711 ¢ (s) + 0.1141 ° (3)], 1)
where [X]=max{AON:A<x+1/2} denotes the closest
integer to thereal value x . Denote this transformation 7, ; it
isaprojection of K* into K .

Gray scale images (0 as black, k-1 as white and
intermediate values as intermediate gray levels[12)]),
produced by 7, suffer from noise due to environmental
conditions, shadows and vibrations. Thus, they cannot be
compared directly to the reference image |:E - K.
Simple noise reduction techniques were tested in order to
make each gray scae image (Y,),, comparableto | . The
linear nature of convolution filters made this class of
procedures desirable for this application, and noise
reduction was sought within the class of low-pass
convolution filters.

A kernd, i.e. amatrix A=[a(i,j)], uniquely defines a
convolution filter. The size of A is typicadly very small
when compared to that of the image support E . Thefiltered
version of theimage Y, is F =Y UA, defined as

F(xy)= ZDEa(p,q)\ﬁ(x- p,y-q),

where E, is the support of the kernel A. Borders and

cornersof Y, areleft unfiltered.

The simplest low-pass convolution filter is the mean,
defined by a(i, j) =#E,!, where“ #" denotes the number of
elements. The smallest kernd leading to satisfactory results
under several daylight and nighttime conditions and weather
situations (sun, rain etc.) was a square of size 3 where
a(i,j)=1/9. This reduces the number of required
computations for the convolution, since in this case it
becomes the ssmple mean of nine observations around the
pixel being processed. Denote this low-pass transformation
r
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Other low-pass filters may be used as, for instance, those
defined by Gaussian kernels, but in our experiences they
produced the same or worse results a a higher
computational cost.

After the application of 7, and 7, each color frame is
transformed into a filtered gray scae image, suitable for
comparison with the reference image | . This is performed
with a pixelwise difference followed by an absolute value
transformation, i.e., esch comparison image C :E - K is

given by
2
C(9)=|F(9)-1(9) 2)
Denote this transformation 7, .

In order to reduce the amount of information to be
processed, a thresholding was applied to the sequence of

comparison images (C),.,. This transformation, caled 7,,



produces a sequence of binary images
(B).., B:E {01, defined as

B(9 = 0 if Ci(s)<h ©)
=11 it cig9zh

where h was empiricaly set to 80, a suitable value under
the same conditions used to determine 7,.

Findly, a summation was performed on the binary
images, i.e, eech B was transformed into an integer

d =Y __B(s). Thisvaueiscalled detection index, sinceit
quantifiesthe difference between the original color frame 1,

and the reference gray level from the image | . Denote this
transformation 7.

Not every positive vaue of d, will be considered as a
rdlevant change. Each originad image is composed by
480x640 pixds, but only asmall region (E) of 128x 256
pixelsis surveyed. The detection index d, isthen calculated
on this restricted rectangular area, as shown in Figure 3. For
this region, and under the aforementioned weather and
environmental conditions, values d, =10’ (threshold) were
considered as significant for triggering an event. This value
corresponds to typical views of partial or total sections of
cars. The vaue d, depends on the camera location and the
type of target to be detected.

The agorithm searches for local maxima of the
sequence (d),,, by comparing d, with d_, andwith d_, . If
d >d_ and d >d, thenitisassumed that the maximum
invasion of the car takes placein image i, and thisindex is
stored.

Figure 4 shows the function (d),...,, corresponding to
approximately 17 seconds of surveillance. The first ten
frames show no detection. A car enters in the region under
observation in frame 10 and leaves it after three frames.
Another vehicle is detected in frame 13, but the peak is
smaller since its contrast against the background is reduced.
Two big objects are also detected between frames 20 and 22
and frames 29 and 31. No false alarms were detected in the
tests and, similarly, every seen vehicle was detected by the

system.
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Figure 4. Detection index function

Note that the peaks shown in Figure 4 correspond to
their respecti ve detection index.

3.1 Complexity of the image processing
algorithm

The choice between hardware or  software
implementation of the modules that define the image
processing algorithm is based on complexity issues,
assessed by the number of basic arithmetic operations
performed at each stage, such as color conversion, filtering,
and so on.

3.1.1 Color conversion

The “RGB to Y” conversion of the images
(transformation 7,) involves pointwise operations, based on
equation (1). These operations are composed of three
multiplications and two sums for each pixel of the mxn
matrix.

In this work, a rectangular area of 128x256 pixels
defines the region of interest within the image being
captured. Therefore, the computationa complexity
regarding to color converson is given by
128x 256 x 3=98,304 multiplications and
128x 256x 2 = 65,536 sums.

3.1.2 Filtering by convalution

This operation (transformation 7,) is responsible for
most of the operations, being necessary eight sums and one
multiplication by fraction (division by nine) for each pixd,
except the borders and corners points. Discarding these last
elements, the computational cost of this operation amounts
to 126x 254x8=256,032 sums and 126x 254x1= 32,004

products.

3.1.3 Comparison between images

The comparison between each frame and the reference
image (transformation 7,) comprises a subtraction and an
absolute value operation for each image eement.
Considering separately these operations, the system has to
compute 126x 254x1=232,004 subtractions and the same
number of absol ute value operations. Following equation (3)
(transformation7,), each result is compared with the
thresholding  parameter  value  requiring, thus,
126x 254 x1=32,004 comparisons.

3.1.4 Changing index

The change quantification, that computes the detection
index at each frame (transformation 7,), is obtained by the
summation of the binary image pixels. This operation
requires 126x 254x1= 32,004 sums.

Asthe detection index represents theinvasion level of an
object in the interest area, and the sensibility parameter
vaue discards little intrusions, one comparison with a
minimum areais computed for each frame.



3.1.5 L ocal maxima detection

This operation demands two comparisons at each frame.
First between the detection index d_, and d_, after

i-17
between d, and d..

3.2 Hardwar e/softwar e partitioning

In order to reach the processing requirements and so the
performance, a hardware/software codesign approach was

adopted.
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Figure5. A smplified hardware/software codesign flow.

In this work, the hardware/software approach takes into
account the principles of the PISH project [15,16], where
the system specification is partitioned into two large bl ocks,
software and hardware, considering aspects related to
communication cost between processes and area (Figure 5).

The partitioning of this system is still carried out
manually, joining processes in clusters in order to reduce
their communication cost.

Control processes or those that do not require intensive
computation are implemented in software and the intensive
processing processes are implemented in hardware. After
partitioning, as shown in Figure 5, processes to be
implemented in hardware must be synthesized and the
software ones compiled. The interface between hardware
and software partitions is dso manually generated and
synthesized

A K6-I1 processor, 500 MHZ CPU, plays the role of the
software component. The massive processing tasks
(arithmetic functions for the convolution and filtering
algorithms) and the surrounding periphera circuitry were
implemented in the hardware component, a low cost
200,000 gates Xilinx Spartan-Il family FPGA, a PCI
interface and a512K SRAM.
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Figure 6: FPGAXDSP and genera -purpose processors
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When designing a DSP system in a FPGA, the data can
be processed taking the advantages of using a single chip,
parallel structures (Figure 6) and arithmetic agorithms to
exceed the performance of a single generd-purpose DSP
chip. The designer can take full advantage of the FPGA
programmable resources to fit the requirements of any
application.

Figure 7 shows the Spartan interna architecture.
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Figure 7: Spartan architecture
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The FPGA is configured through the PCI bus through
C++ communication classes[17]. Due to the FPGA
flexibility the user can easily prototype any algorithm into
the entire hardware without the need of a device-
programmer.

The hardware/software interface is implemented in three
layers, by an ASIC, a PCI controller [10], and the C++ class
routines in software, as shown in Figure 8.

Application - - Parallel
Program [T %eY'ce PCI Bus PCLZE?QE = Interface
Interface river Pita2-FPGA

System Interface

Figure 8. Layers between a hardware device and the
software program.

The application program interface represents the portion
of the software partition responsible for the communication
with the hardware module. It accesses the device driver
using C++ classes provided by the prototyping board
menufacturer. Then, the device driver addresses the
prototyping board and the PCI ASIC connects the PCI Bus
with the FPGA through alocal parald interface.

4. CASE STUDY

A red-time processing image application has been
developed to vaidate the algorithm and the codesign
approach. One of the requirementsis that the system should
be able to detect and count intrudersin a user-defined region
of interest. The intruders have to be detected even if
speeding at velocities up to 215 km/h, and their sizes are
user-defined.

The images under observation comprise 480x640 pixels,
equivalent to 900 kB true-color bitmap files, obtained from
atraffic surveillance video.

Initially, a window on the image, free of vehicles and
limited to 128x256 pixels, is extracted from the origina



image and kept as reference. This reference image is unique
for each new scenario and can be taken from any place in
the picture scene.

Once captured, each frame is submitted to the image
processing agorithm (RGB to grayscale conversion, low
pass filter, and so on). As the results of this processing, a
signal from the hardware partition indicates the presence or
absence of vehiclesin that frame depending on the detection
index presented in section 3.

The system should be able to process at 15 frames/sec,
66.7 ms between frames, alowing an efficient detection of
moving objects a high speed (up to 215 knvh). In order to
evaluate the advantage of the codesign solution, the image-
processing agorithm presented in Figure9 was aso
implemented in software.

| Open Image |}—( Select Area H RGB to Grayscale (Y) H Median Filter
| Open Image |}-1 RGB to Grayscale (Y)

A

Image matrix

Figure 9. Vehicle detection agorithm at system level
description.

The image processing a gorithm requires the following
steps for each new frame:
98,304+ 32,004=130,308 Multiplications
65,536 + 256,032 + 32,004 = 353,572 Sums
32,004 Subtractions
32,004 Absolute values
32,004+1+2=32,007 Comparisons
Since the am of this work is comparing the performance
among different architectures, thisis a suitable metric rather
than the time equivalence for each stage of the processing.

The software verson was developed in C++ and
compiled using Visual C++ toals, running on a PC with a
K6-1I processor and 128 MB of SRAM. This software
approach was able to process each frame in 220 ms, not fast
enough, since only 5 frames/sec could be processed in this
period.

In a second approach, a hardware/software co-design
methodology was implemented based on the model
presented in Section 3.2. The hardware modules, inside the
gray box (Figure 9) area cope with massive computation
procedures, caculating arithmetic functions and matrix
conversions[18]. The software partition is dedicated to the
system communication control between the PC and the
hardware partition, through writing and reading functions,
treatment of the interrupt protocol and user interface. The
software partition aso performs the reference image fitting
(RGB to grayscale conversion and filtering).

The software partition was dso implemented in C++,
while the hardware one was implemented using VHDL
(Very High Speed Integrated Circuit HDL). The FPGA
Express tool from Synopsys on Xilinx 3.1i Foundation
series was used for hardware synthesis.

Table 1 presents utilization of the reconfigurable logic
units of the FPGA.

Logic Number % of FPGA
Slices (CLB) 264 11
Flip-Flops 215 4

4-input LUTs 427 9
IOBs 51 36
GCLKs 1 25
GCLKIOBs 1 25
Total equivaent gates 5,086 2.54

Table 1. Logic synthesis report

Five thousand and eighty-six equivdent Xilinx Spartan-
I1 [8] gates were used in this design, amounting to 2.54% of
the total available logic on the chip. The maximum circuit
frequency reached after synthesis was 54.259 MHz, which
satisfies the system clock constraint of 40 MHz imposed by
the evaluation board.

The layout of the hardware is depicted in Figure 10.

Figure 10. Hardware layout on Xilinx Spartan-FPGA
In this design, the referenceimageis first sent to the PCI
board and stored a areserved memory. After this, each new
frame is also sent to the hardware for processing and
andysis. The time spent to transfer each new frame (32kB)
from PC to the local memory on the prototyping board is
imposed by the 3MB/sec PCl throughput. Thereby, the
frame transference usualy takes about 10.92 ms.

With the data available at the memory, the FPGA takes
around 1,440,180 cycles, equivaent to 36ms (40 MHz), to
perform image processing and signaling a response to the
software component by an interrupt call. For each processed
image, the following mathematics are performed:

98,304+ 32,004=130,308 Multiplications
65,536+ 256,032 + 32,004 = 353572 Sums
32,004 Subtractions
32,004 Absdlute values
32,004+1+2=32,007 Comparisons

The time analysis expected for each frame processing in
this codesign approach is estimated by the sum of the time
spent to transfer aimage of 32kB (128x256, grayscal e 8-bit)
from the PC to the prototyping board, plus the interna
FPGA processing time. This whole process is performed at
46.92ms for each frame.

Taking into account the area under observation, which
depends on the camera visudization angle, and the frame
capture rate (15 frames per second), the maximum
detectable speed of moving vehicles by this system is of
around 215km/h. This complies with the original
requirements.




The hardware/software codesign methodology presented
in this work shows that good results can be reached in a
hybrid approach, andyzing and exploiting peculiarities of
each processing eement and aspects of ther
communicati on.

5. CONCLUSIONS

A versdatile reconfigurable DSP platform for image
signal processing and anadlysis in a vehicle detection
application has been presented. The optimization of the
system, through hardware/software codesign, is guided by
the system features. This optimization ultimately leads to a
system that, with modest hardware components, meets strict
real world requirements.

An affordable prototyping platform was developed and a
rea case study was presented with encouraging results.
Based on a single PC system and a PCI reconfigurable
hardware platform, the methodology of synthesis and the
prototyping environment provides a good platform that
supports the design of reconfigurable systems, for DSP
applicaions, in hardware-on-demand fashion.

The use of the proposed hardware/software codesign
approach sol ved the conflict of timing constraints naturaly
imposed by the real time characteristics of the problem.

The Spartan filter core is able to produce a fully

customi zed, area-efficient, high performance
implementation. Highly optimised FIR filters and others can
be fully realized.

In the present version the image processing agorithm
patition was pefformed by hand. However, new
applications are under assessment with partitions based on a
more forma and automati c methodol ogy.
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